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ABSTRACT 
 
The overall metallurgical processing of precious group metals (PGM) contained in 
mined ores involves a number of hydrometallurgical operations for the removal of 
base metals and sulphidic sulphur before the final refining of individual PGM’s to 
saleable metal.  The final process in this sequence is a batch pressure leach in which 
further base metals are removed prior to the introduction into the Precious Metals 
Refinery (PMR).  Significant amounts of PGM losses are however experienced in this 
stage, which is called the tertiary leach.  This is attributed to difficulties in monitoring 
and controlling the leach within a tight range of parameters.  The losses are highly 
undesirable, as the precious metal rich stream then requires additional process steps 
to recover the values, which negatively impacts on the pipeline time.  This 
investigation will focus of the tertiary leach. 
 
The exact reasons, chemical mechanisms and driving force which influence the 
dissolution of precious metals is not fully known and understood.  However, since the 
plant often experiences significant PGM dissolution, it is critical to understand and 
establish a knowledge base to provide a more scientific methodology for improving 
the control of this process. 
 
The objectives of this study are defined as : 
1. The identification of conditions under which significant PGM dissolution is 
observed. 
2. Establishing the order in which the precious metals solubilise. 
3. Determining the cause of PGM solubilisation. 
4. Illustrating the parameters required to monitor and control the end point to 
consistently maximise base metal removal and minimise PGM losses to leach 
liquors. 
 
It is experimentally observed that the most affected PGMs during the tertiary leach 
are rhodium, ruthenium and palladium.  All are observed in different amounts in the 
leach liquors when the reduction-oxidation potentials exceed 600 mV. 
The most important finding of this study is that the soluble PGMs originate from a 
phase that is termed Pd type 1 mineral which is a fine grained phase that is already 
present in the leaching circuit in the feed material presented to the tertiary pressure 
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leach.  This phase appears to be produced in the primary pressure leach.  It is 
postulated that it arises due to the presence of base metal sulphides that are 
entrained with the magnetic fraction of the material.  During the primary pressure 
leach, these base metal sulphides appear to form fine grained material that result in 
the formation of the Pd type 1 phase seen in the tertiary leach.  If the amount of 
entrained base metal sulphides in the magnetically enhanced concentrate (MEC) is 
reduced or removed completely, it will remove the source of the soluble PGMs and 
consequently PGM losses to the leach liquor will only occur in the event of severe 
and extreme over-leaching. 
 
The first prize for controlling the end point of this leach is to consistently maximise 
base metal leaching while minimising PGM losses.  The end point of the leaching 
process is currently determined by monitoring the redox potentials of the slurry 
samples taken at various intervals.  A problem with this approach is that the redox 
determined under atmospheric pressure conditions differs from the values in the 
pressure vessel.  Another drawback is that in the redox range of 550 mV to 650 mV, 
the potentials are extremely sensitive and huge increases are experienced over small 
time intervals.  This makes it very difficult to predict the exact end point consistently 
for different batches.  A better approach would be to identify alternative parameters 
that would allow ample time to make an informed decision regarding the end point.  
This appears to be possible by monitoring the copper and nickel in solution.  When 
the concentration of these two base metals increases substantially, this would signal 
the start of the termination sequence and cooling down of the reactor.  The increase 
for copper appears to be from ~19-39 g/l and nickel from ~6.5-8.5 g/l for the ore 
tested in this study.  
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1 INTRODUCTION 
 
1.1 BACKGROUND 
 
Anglo Platinum is the largest platinum producer in the World.  Since it is a primary 
precious metals refiner, it is essential that prior to concentrating solely on the 
separation and purification of the precious metals there is an intermediate process to 
remove the bulk of the base metal and deleterious elements.  It is imperative with the 
types of ore bodies mined, that this bulk removal process is carried out to provide a 
feed material to the Precious Metal Refinery that makes the subsequent stages within 
the precious metal separation economic and efficient. 
 
Whether the current up-front process, with a slow cooling option, continues as 
depicted in Figure 1.1 or if a matte leaching flow sheet option is adopted in the future, 
as depicted in Figure 1.2, a final pressure leach stage will always be required.  It 
therefore highlights the importance of understanding the chemistry in the tertiary 
leach which currently is a batch leach process. 
  
The Rustenburg ore is currently treated by conventional mineral dressing and 
flotation processes and the resulting concentrate is smelted in an electric furnace and 
then blown in a Pierce-Smith converter to a specified iron content.  The converter 
matte is cast into large moulds and slowly cooled over a period of four days to 
accomplish the separation and crystallization of the individual phases : copper 
sulphide (Cu2S), nickel sulphide (Ni3S2) and a nickel-copper-iron alloy bearing almost 
all of the platinum group metals. 
The crushed matte, designated as “Waterval converter matte – WCM”, is transported 
to Rustenburg Base Metals Refinery (RBMR) where it is treated by a milling and 
magnetic separation technique to produce a magnetic fraction which contains a large 
portion of the PGMs and a non-magnetic fraction which contains the bulk of the 
sulphides.  The magnetic fraction is subjected to further milling and magnetic 
separation to liberate the sulphide particles that are attached to the alloy particles 
and the final product is designated as “magnetically enhanced concentrate - MEC”    
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Figure 1.1 Simplified block diagram of current up-front process flow sheet 
 
 
 
 
 
 
Figure 1.2 Simplified block diagram of matte leaching flow sheet 
 
Irrespective of which flow sheet is adopted or currently used, now and in the future, a 
leach in the form of a tertiary leach is an integral part of both these routes.  It is 
therefore of interest to obtain a fundamental understanding of the precious metal 
chemistry in a sulphate medium as it is directly relevant now and will be a significant 
component in the future.  Currently, there is not a vast amount of information 
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available in-house and in the public domain relating to the precious metal chemistry 
in a sulphate environment. 
 
At present, the tertiary leach carried out at the Rustenburg Base Metals Refinery 
experiences control problems with the leaching of base metals and sulphur, while 
attempting to minimise the dissolution of the precious metal components.  If a better 
understanding of the type of mechanisms associated with precious metal 
solubilisation is obtained, this knowledge could be applied to the current flow sheet 
as well as one that accommodates a matte leaching option.  
 
The exact reasons, chemical mechanisms and driving force for the dissolution of the 
precious metals is not fully known and understood.  However, since the plant often 
experiences significant PGM dissolution, it is critical that an understanding and 
knowledge base be established to provide a more fundamental methodology for 
improving the control strategy for this batch leaching process. 
 
 The overall flow sheet for the three stage hydrometallurgical treatment at the MC 
plant is indicated in Figure 1.3 below, the focus of this study is limited to the tertiary 
leach, where significant PGM losses are experienced due to solubilisation in the 
sulphate leaching medium. 
 
Primary Pressure Leach 
Redn Atmospheric Leach 
Tertiary Pressure Leach 
MEC 
PVL 
FeSO 4 
FIC 
TLL 
 
Figure 1.3 Simplified block diagram of the MC Plant flow sheet 
 
The primary pressure leach is carried out at elevated temperature and pressure in 
sulphuric acid.  This leach facilitates bulk dissolution of the base metals from the alloy 
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and sulphide phases and is followed by dissolved iron precipitation in the terminal 
stages of the leach due to the low acid concentration.  In addition to reducing the 
amount of iron transferred to the base metals refinery, this precipitation results in 
precious group metal (PGM) enrichment as it acts as a collector of dissolved PGMs. 
 
The secondary leach is a batch process carried out under atmospheric conditions at 
elevated temperatures in a mixture of sulphuric acid and formaldehyde, which 
facilitates selective dissolution of iron precipitates.  The copper and PGMs cemented 
out with the iron precipitates in the primary leach are also dissolved but re-precipitate 
as a result of the formaldehyde.  The residue produced is referred to as atmospheric 
leach residue (ALR) and becomes the input feed material to the final pressure leach, 
otherwise known as the tertiary leach. 
 
The tertiary leach is carried out at elevated temperature and pressure in sulphuric 
acid.  This facilitates the dissolution of the remaining base metals that is mainly 
present as sulphides.  Sulphur oxidation is required to attain the desired 
concentration of PGMs, however, significant quantities of palladium, rhodium and 
ruthenium is rendered soluble under these conditions and need to be re-precipitated.  
This is achieved by recycling the solution to the primary pressure leach where 
majority of the dissolved PGMs re-precipitate.  
 
1.2 STATEMENT OF THE PROBLEM 
 
The ideal scenario is to have a parameter or set of parameters that may be used in 
the control regime at the plant to ensure the production of a consistent final 
concentrate (FIC).  The desired route is to maximise the base metal removal with a 
minimal effect on the precious metal components.  However, the current leaching 
control regime fails in that the terminal leach point is often exceeded due to the 
inability to halt the leaching kinetics when necessary.  This is in part due to the 
inability to stop the leaching kinetics at a specific reduction-oxidation (redox) 
potential.  The redox potential is the parameter that is currently used to establish the 
desired end point of the leach, however, the critical point of termination that ensures 
no over-leaching falls in the redox range where the potential changes extremely 
rapidly.  Thereby making it very difficult for plant personnel to predict with accuracy 
and consistency, the point to terminate heating, start cooling and cease oxygen/air 
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supply to achieve effective base metal leaching with minimal PGM losses.  It would 
be most beneficial if a different parameter or set of parameters were identified to use 
as the indicator of when the leach is reaching completion.  The current control 
mechanism results in variations in the amounts of PGM’s that are solubilised, and 
these vary from batch to batch.  A poorly controlled leach can result in the leach 
solution containing between several hundred parts per million (ppm) and grams per 
litre of precious metals.  This obviously results in significant financial implications, as 
soluble PGMs that report to the leach liquors have to be recovered.  These routes 
involve a recycle and additional steps that ultimately impact negatively on the metal 
inventory pipeline time.  
 
1.3 OBJECTIVES 
 
The objective of this study is to identify the conditions under which significant PGM 
dissolution is observed.  It is necessary to firstly establish the order in which the 
PGMs solubilise, and secondly, to determine what causes these PGMs to dissolve. 
 
Initially, the thought was to study pure metal solutions to generate information 
pertaining to the fundamentals for dissolution, however, this was decided against 
after evaluating the results from the first series of tests (determining the order of 
soluble PGMs).  The approach adopted is to use plant material as the feed source of 
PGMs as the dissolution reaction is shown to be electrochemically driven.  It became 
apparent that a combination of all the metals (base metal and precious metals) is 
more relevant in studying the reaction dynamics and obtaining a fundamental 
understanding of the mixed metal system. 
 
The scope of this dissertation is limited to establishing the order in which the PGMs 
solubilise and thereafter to examine and investigate the most soluble PGM.  The 
outcome of the investigation is to provide a fundamental understanding of how and 
why this precious metal solubilises.  The data is used to formulate a model for the 
dissolution of the PGM and the model can then be used to postulate the mechanisms 
for the other related precious metals that also show soluble characteristics under 
these conditions.   
 
 
 6 
2 LITERATURE SURVEY 
 
A preliminary literature review conducted showed a significant number of papers 
available on the subject of pressure leaching under sulphuric acid conditions.  
However only a small portion of the literature was related to the study of the precious 
metal components, the main focus was on the base metal chemistry.  The articles 
that did address the precious metals were of a variable nature.  Some addressed the 
recovery of precious metals from scrap material in varying leaching agents, others 
dealt with different refractory ore bodies and a few were related to the sulphuric acid 
pressure environment that is applicable to the technology investigated in this 
dissertation.  The lack of published information pertaining to this study justifies the 
need to provide beneficial details on the process where little is actually public 
knowledge.  A possible reason for the lack of information may also be due to the 
sensitivity surrounding the precious metal industry.  This therefore illustrates the 
potential benefit in investigating the solubilisation of precious metals in the view to 
obtaining a fundamental understanding of what determines the behaviour that occurs 
under “run away” reaction conditions, or even slight deviations from the narrow 
operating range. 
 
The survey of the literature pertaining to the solubilisation of PGMs in a sulphate 
environment was undertaken with particular attention to the reactions of rhodium and 
ruthenium and to a lesser degree palladium.  This was the focus as these are the 
major PGMs that display solubility characteristics in the tertiary leach both on the 
plant and in the laboratory. 
 
The precious group metals occur in nature in close association with base metal 
sulphides such as copper and nickel.  The conventional route to treat the ores to 
recover the PGMs is by a process of grinding and flotation to produce a sulphide 
concentrate which contains copper, nickel, iron, cobalt and low levels of PGM’s.  The 
concentrate is then smelted to separate and upgrade the copper and nickel which 
report to the matte phase, from the iron sulphides and gangue material that reports to 
the slag phase.  PGM’s also report to the matte phase, at a significantly higher 
concentration than what was in the original flotation concentrates.  In an attempt to 
recover the precious metals, the matte is exposed to a sulphuric acid leach to 
dissolve the copper and nickel, usually by a combination of atmospheric and 
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pressure oxidation of sulphides, with the PGM’s reporting to the small mass of leach 
residue, at very high concentrations.  This residue (rich in PGM’s) is usually further 
treated with concentrated hydrochloric acid and chlorine gas to render the value 
elements soluble.  Due to the relatively high costs associated with the chloride leach 
process, it is important that the concentration of PGMs in the base metal leach 
residue is very high, preferably > 1 % PGMs. 
 
An enormous amount of information has been published on the kinetics and 
thermodynamics of base metal dissolution in sulphuric acid media, but very little 
information is available in the public domain with regards to the PGMs.  An enormous 
amount of information on the base metals and individual base metal systems has 
been published by A.R. Burkin (1), in particular, Chapter 5 deals specifically with the 
chemistry of the leaching processes.  The author states in the earlier chapters that 
the rate of a reaction may be slow and will be dependent on the nature of the phase 
that contains the metal.  Thus in an acidic and oxidising environment, copper will be 
dissolved more rapidly from chalcocite, Cu2S, than from chalcopyrite CuFeS2.  
Therefore in a hydrometallurgical process, the nature of the minerals present is 
important and the type of process used to recover a metal from an ore should depend 
on the chemical nature of the mineral containing it. 
In some cases an ore mineral is not itself leached but is decomposed by a chemical 
process before the metal of value is solubilised. 
In many situations metals can be leached from their oxides by dissolution in acid or 
alkali without a change in the valency, the conditions necessary being controlled by 
their solubility products.  However, when a change of valency is necessary before 
dissolution can occur, the redox potential in the system must undergo an adjustment, 
as well as the pH, by the addition of an oxidising or reducing agent to produce values 
outside of the region of thermodynamic stability of the solid but within the stability 
range of the metal ion required to be in solution. 
 
2.1 PATENTS AND INDUSTRIAL PLANT PROCESS OPERATIONS 
 
There are many papers and patents detailing novel process routes for the treatment 
and recovery of PGM’s from low grade ores economically.  These PGM’s occur in 
nature in close association with base metal sulphides such as copper and nickel. 
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In certain situations, where the concentrations of base metals in the ores are 
relatively low or when the flotation concentrate contains high levels of metals that are 
deleterious to the smelting operation, it becomes uneconomic to treat this material 
through a smelting procedure.  Direct oxidative pressure leaching becomes more 
attractive in these situations.  However, it must be noted that in some cases, the 
PGMs are leached with the base metals resulting in a mixed stream that then needs 
further treatment to separate the PGMs prior to final recovery of the value material.  
 
It is in light of the economies of scale that some ores have been tested (2) to 
determine whether or not direct oxidative pressure leaching will be a viable process 
option to pursue as an alternative to smelting for the treatment of the PGM bearing 
ores.  The routes investigated included both mild and aggressive leaching conditions.  
A base line for the material was obtained by undertaking a conventional pressure 
leach and thereafter the conditions were altered to more severe conditions, 220 °C, 
100 psi O2.  The material indicated positively towards this process option, the leach 
resulted in greater than 95% dissolution of Cu and Ni in the first hour with 
approximately 90% of the iron reporting to the residue.  During the treatment, 
sulphides were almost completely oxidised to sulphates and ~60% of the palladium 
was dissolved but no dissolution of gold or platinum (these being the only PGM’s 
detected in the material) was reported.  This was in line with the observations of two 
independent studies reported by Jones and Harris, Heffer.  
The authors registered a patent for a novel leaching approach which deviated from 
the conventional leaching by the addition of chloride ions in the form of sodium 
chloride to the autoclave feed.  The concentration of chloride required was stated as 
being as low as 3 g/l (5 g/l NaCl).  The chloride ion ensured the dissolution of most of 
the PGM’s, ~98% platinum dissolved and an added bonus was that the PGM 
dissolution occurred at the same time that the base metals were being leached, thus 
significantly reducing capital and operating costs. 
 
The autoclave oxidation process converts all the metal sulphide minerals into metal 
sulphates and iron hydrolysis products.  The oxidation of PGMs is favoured in the 
presence of small amounts of chloride in solution as the chloride stabilises the 
various PGM’s as dissolved chloro complexes.  However, caution must be exercised 
when predicting what chemical reactions occur as the mineralogy of the PGM’s is 
very complex and the authors only considered the metallic species. 
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The following reactions were proposed with regard to gold, platinum and palladium : 
 
Au +1/4O2 + 1/2 H2SO4 + 4NaCl              Na3AuCl4 + 1/2Na2SO4 + 1/2H2O         
Pt + O2 + 2H2SO4 + 6NaCl              Na2PtCl6 + 2Na2SO4 + 2H2O         
Pd +1/2O2 + H2SO4 + 4NaCl              Na2PdCl4 + 2Na2SO4 + H2O 
 
While copper and nickel recovery was high in all the tests, the PGM recoveries were 
found to be very sensitive to the operating conditions.  Changes in temperature, 
chloride ion concentration and regrinding of the flotation concentration were the most 
critical parameters. 
A temperature reduction from 220 °C to 200 °C negatively impacted on the PGM 
recovery resulting in a decrease from > 90 % to almost 0 % 
• Increasing the chloride ion concentration from 0 to 5 g/l NaCl 
o Increased the gold recovery from ~0 % to 79 % 
o Increased the platinum recovery from ~0 % to 93 % 
o Increased the palladium recovery from ~61 % to 92 % 
• However, further chloride ion addition to 10 g/l NaCl yielded no further 
improvement on recovery of gold and platinum, but resulted in an increase in 
palladium recovery to 96 % 
• Regrinding the flotation concentrate improved platinum and palladium 
recoveries, but reduced that of gold.  The reason for the decrease was 
attributed to cementation of gold chloride onto residual flakes of iron powder 
which was introduced during fine grinding (steel media). 
 
It was the intention of the researchers to solubilise the PGMs and this was certainly 
achieved with the aid of the chloride ions, however, this technology cannot be 
compared directly to the tertiary leach process as the media for each varies from 
chloride ions to sulphate ions.  But this once again illustrates that platinum and gold 
are more difficult to solubilise than palladium, as is the experience with the tertiary 
leach operation (platinum and gold are usually below detection levels in the leach 
liquors). 
 
Another patent (3) also details a hydrometallurgical technique to treat similar ores as 
discussed above.  The treatment route requires the conventional flotation, smelting 
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and pressure leaching of the matte to produce a small residue which contains the 
PGMs in a much more concentrated amount.    The PGM residue is then subjected to 
a sulphating roast and thereafter an acid leach to further concentrate the PGMs.  In 
the test work, it was reported that in the event of the pressure oxidation leach time 
being extended, i.e. anything in excess of 6 hours, the leach afforded significant 
amounts of palladium and rhodium reporting to the leach solution. 
However, test work relating to another patent (4) on a treatment route for ores also 
containing low levels of PGMs after producing a matte by smelting was subjected to a 
sulphuric acid leach, but it was carried out at atmospheric conditions.  The leach 
temperature was maintained between 90 °C and 100 °C and under these conditions 
(first leach), the authors reported no PGM dissolution whatsoever. 
These observations were confirmed when additional studies (5) were performed on a 
different matte that was also produced from a smelting operation.  The material was 
subjected to an atmospheric pressure leach in acidic nickel-copper sulphate solution 
at a temperature range of 75 °C to 105 °C.  Initially the leach was carried out under 
oxidising conditions and thereafter switched to a non-oxidising environment to elicit 
dissolution of nickel and iron as well as the precipitation of copper as copper sulphide 
and precipitation of any dissolved PGMs.  The results show no significant PGM 
dissolution.  However, in the subsequent stage where the residue which contained 
PGM values, was exposed to an oxidative pressure leach, the temperature was 
deemed critical in optimising the dissolution of selective metals in the multi-
component autoclave.  The experimental data indicated that if the temperature was 
too high, it afforded unacceptable palladium losses due to dissolution in the incorrect 
compartment. 
Once again gold was not rendered soluble in either the atmospheric or pressure 
leach stages.  However, when streams were treated to remove recycled PGMs, 
rhodium and ruthenium were only successfully precipitated in the atmospheric leach 
as they were not successfully recovered during sulphur dioxide treatment when 
platinum, palladium, gold and iridium were precipitated. 
 
2.2 VARIOUS APPLICATIONS OF PRESSURE LEACHING 
 
There are several different ore bodies in South Africa in addition to a variety of 
platinum mining companies.  The various treatment routes are in general very similar 
with minor modifications to process conditions to accommodate the differences in 
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mineralogical and chemical compositions of the feed materials.  A large amount of 
time and effort has been invested into refining and optimising the various options for 
the different companies.  The investigation (6) to treat the Western Platinum matte 
locally in South Africa was established in 1983.  Interestingly, during the test work it 
became evident that during the pressure leach stage, significant amounts of 
palladium, rhodium and ruthenium dissolved, but unlike the results previously 
reported (4), treatment with sulphur dioxide, precipitated these PGMs quantitatively. 
This once again reinforces the observations in the tertiary leach whereby, out of all 
the PGMs, palladium, rhodium and ruthenium appear to be the most amenable to 
solubilisation in a sulphuric acid environment under specific conditions. 
 
In a study (7) that detailed the findings of an investigation into a treatment route for the 
matte produced by the Hartley Platinum mine, indications of rhodium dissolution in 
the copper pressure leaching section became evident during the development of the 
flow sheet.  Factors such as temperature, acidity and oxygen pressure were 
investigated to establish their influence and affect on rhodium dissolution.  The most 
significant parameter identified was the temperature.  Leaches conducted at 140 °C 
resulted in dissolution of 80-90 % of the rhodium, whereas decreasing the 
temperature to 115 °C resulted in only 10 % of the rhodium reporting to the leach 
solution.  The acid concentration showed no significant influence on rhodium 
dissolution. 
 
Rhodium and palladium were once again the problematic PGMs that were rendered 
soluble when exposed to a pressure treatment of Stillwater matte.  The pressure 
leach process used at the Sunshine Refinery was successfully applied to the 
treatment of PGM mattes (8).  The technology is based on a hydrometallurgical 
process which utilises a nitrogen species catalysed sulphuric acid pressure leach.  
The nitrogen species is added to the leach in the form of sodium nitrite (usually in 
relatively low levels), and according to the authors, the nitrogen specie is 
continuously regenerated in the reactor.  The NO+ ion is the reactive specie, which is 
an intermediate that is formed, it results in a much higher redox potential during the 
reaction with the sulphide than what is achieved with oxygen pressure alone, this  
also positively influences the reaction kinetics by causing it to be greatly enhanced.  
The NO+ ion is continuously regenerated and its role in the overall reaction is not 
obvious, however, it appears to be responsible for the expeditious transportation of 
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oxygen to the surface of the solid and allows the reaction to occur at elevated redox 
potentials.  As an oxidising agent, NO+ is clearly the most powerful of the common 
oxidisers (O2 has an Eh=1.230V at pH 0, while at the same pH NO+ has an 
Eh=1.450V). 
 
The results achieved in leaching Stillwater matte under these conditions looked 
favourable, with greater than 99 % base metal removal and 99.96% retention of the 
precious metal component.  The results obtained from leaching the Stillwater electric 
furnace matte which contained larger amounts of iron, indicated that the process, 
with some modifications to conditions, i.e. more severe leaching conditions, was able 
to handle this material.  Due to the more intense conditions, a larger percentage of 
base metals were leached and unexpectedly, a smaller loss of rhodium and 
palladium reported to the leach solution.  Thereby reducing the deportment of 
precious metals to the solid from the previous 99.96 % to 99.88 %. 
 
This once again highlights that rhodium and palladium were rendered more soluble 
under leaching conditions than any of the other PGMs.       
 
2.3 RESEARCH PAPERS 
 
In order to gain some idea of what possible species and complexes have been 
isolated and characterised.  More specifically in regards to the PGMs that appear to 
be most easily solubilised in a sulphuric acid environment, the paper by Zhilyaev and 
Fomina (9) covers the synthesis, structure, reactivity and applications of the platinum-
metal sulphate complexes.  The data regarding the various oxidation states has been 
extracted as well as any complex that has been characterised and documented.  The 
rhodium complex produced in sulphuric acid was isolated and characterised as a 
rhodium (II) sulphate complex.  Ruthenium on the other hand forms a Ru (VI) 
compound which readily decomposes to Ru (VIII) and Ru (IV) compounds.  The 
palladium sulphate species formed has been characterised as PdSO4 but it has been 
postulated that the formation of this compound proceeds through several consecutive 
steps, unfortunately the intermediate products were not isolated. 
 
The paper published by Goldberg and Hepler (10) refers to the chemical 
thermodynamics on aqueous chemistry of the platinum group elements. 
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Ruthenium has a considerable variety of species that have oxidation states ranging 
from -2 to +8.  In sulphuric acid solutions, a green species of ruthenium (VI) was 
reported and may be formulated as [RuO2(SO4)2]-2.  Ruthenium in acidic solutions 
has been known to proceed through the following oxidations, 
 
Ru Ru+2 Ru+3 RuO2.xH2O RuO4(aq) 
 
Rhodium chemistry involves a variety of species that contain oxidation states ranging 
from -1 to +6, however, the +1 and +3 oxidation states are the most common 
rhodium species.  When rhodium is dissolved in sulphuric acid in the presence of 
oxygen, Rh2SO3 is formed.  The Rh (III) sulphates have also been isolated as 
hydrates. 
 
Palladium is known to exist in only three oxidation states, namely, 0, +2 and +4.  PdO 
is formed in the presence of oxygen and PdS has been isolated in the presence of 
sulphur, PdSO4 has also been formed as has PdS2. 
 
The research (11) reported on the aqueous iron sulphate concentrations and the effect 
oxygen has on the oxidation of the iron, found that at high oxidation rates, oxygen 
concentration was often well below the saturation value.  Factors that are usually 
agreed as being important in the kinetic expression are, the concentration of the 
metal (in this study it was ferrous), the concentration of dissolved oxygen, pH, 
temperature and the effect of other ions in solution.  The effect of sulphate 
concentration was however unclear during the investigation.  The results showed that 
for ferrous, pH had no significant effect on the transfer rate and if the air (or oxygen) 
rate was maintained at 0.5 l/min, the transfer rate was also independent of gas flow 
rate.   Cupric sulphate was deemed to have a significant effect on the oxidation rate 
at that concentration. 
 
2.4 IN-HOUSE RESEARCH PAPERS – JOHNSON MATTHEY 
 
The Analytical Department at Johnson Matthey (12) was requested to develop a 
method that was more robust in establishing the end point of the leach.  The current 
method was unable to predict or determine the end point accurately enough and as a 
result the plant was experiencing losses of rhodium and ruthenium dissolution.  It was 
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apparent from the samples that ruthenium concentrations increased just after the 
copper concentration started to rise.  The rhodium concentration started to increase 
after the ruthenium concentrations had increased. 
 
The work reported by Jones (13) in a paper covering the investigation into the 
possibility of eliminating the use of platinum chloro complexes to refine precious 
metals, highlighted the fact that extremely harsh conditions need to prevail before 
any platinum is seen to solubilise.  The results showed that only under extreme 
pressures, i.e. exceeding 100 bar, was platinum rendered soluble while gold 
appeared to be unaffected during the investigations.  The reason for attempting to 
eliminate the chloro complexes is due to the related allergy problems with these 
complexes.  Previous work had indicated that platinum complexes with non-halide 
groups were likely to be less allergenic than the chloro complexes, particularly those 
that were complexed with ligands that have poor leaving group tendencies.  The 
study was focused on evaluating the chemistry of designing a refining process based 
on systems that would not include chlorides for the separation and purification of the 
precious metals. 
 
The main objective behind the study does not relate directly to the work being 
investigated for this dissertation, however, the chemistry associated with the 
behaviours of the precious metals in a sulphate medium may be applied to obtaining 
additional fundamentals.  The feed material (FIC) used in this investigation contains 
large amounts of the precious metals that would ensure accurate and quantitative 
measurements of small amounts of soluble components, thereby making this paper 
relevant to the related study of the tertiary leach process. 
 
Precious metal sulphate complexes were prepared to enable the study of their 
extraction profiles.  It was suggested (14) to leach FIC with sulphuric acid and deemed 
possible to start dissolving precious metals if the solid was heated with sulphuric acid 
to temperatures above 200 °C.  This direct dissolution approach was initially adopted 
but due to the low levels of platinum dissolution and less than favourable levels for 
the other precious metals (< 50 %), the use of more aggressive methods such as 
pressure dissolution was prompted. 
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The experiments carried out with sulphuric acid under relatively low pressures and 
temperature showed these conditions to be sufficient to dissolve palladium, rhodium, 
ruthenium and traces of iridium while platinum remained unaffected and reported to 
the leach residues.  The details relating to the preparation of the non-halide precious 
metal complexes have been excluded as it has no relevance to this study. 
 
The hydrometallurgical route involving the leaching with concentrated sulphuric acid 
proved to be successful.  The leach was carried out in a tantalum lined autoclave 
using either air or oxygen as the pressurising gas source to achieve the desired 
pressures (> 67 bar for air and > 15 bar for oxygen), with temperatures of 300 °C.  
The results gave near quantitative dissolution for platinum and up to 90 % for the 
other precious metals within a one hour time period. 
In order to obtain an understanding of the influence pressure had on the dissolution 
of the various precious metals, several experiments were devised in which FIC was 
leached with concentrated sulphuric acid and the pressure of air was varied from 1-
100 bar while the temperature was maintained at 300 °C.  The results obtained for 
the 5 experiments is shown in Figure 2.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Percentage dissolution of precious metals from FIC solid after 
autoclaving with concentrated sulphuric acid 
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The analytical results for the 100 bar experiment were confirmed by exposing the 
leach residues to X-ray fluorescence (XRF) analysis.  The high levels of platinum and 
palladium in the leach solutions were in fact confirmed as both metals were found to 
be minor components in the residue.  Rhodium and ruthenium were found to be 
major components in the leached solid despite the atomic absorption spectroscopy 
(AA) analysis of the solutions reporting dissolution for rhodium of 70 %.  The gold 
appeared to be unaffected by the leaching process as the metal was more 
concentrated in the residues than in the FIC, suggesting that it was unaffected by the 
treatment and as a result its concentration increased relative to the other 
components.  Overall the tests indicated that with an increase in pressure, in general 
it resulted in higher dissolution of precious metals. 
 
In light of the results obtained when investigating the effect of pressure on the 
dissolution of precious metals, it was necessary to establish whether under pressure, 
the air dissolves in the sulphuric acid and thereby aids the dissolution and whether 
the dissolution was dependent upon temperature.  The results indicated that the 
stream of air led to slight improvement in the dissolution of palladium, rhodium and 
ruthenium but the increments measured were not large enough to be considered 
significant.  The temperature did in fact appear to play a significant role in the 
dissolution.  By reducing the temperature from 300 °C to 250 °C, this gave a 40 % 
reduction in the amount of dissolved platinum, 80 % reduction in the dissolved 
ruthenium and 50 % in the amount of dissolved iridium.  Palladium and rhodium 
seemed to be largely unaffected by the change in temperature.  
 
The investigation was extended to include leaching under an oxygen atmosphere 
and while trials were carried out over a range of oxygen pressures, it was also the 
intention to determine whether oxygen was a contributory factor in the dissolution of 
the precious metals.  Unfortunately due to technical problems such as scouring of the 
tantalum lining due to the abrasive nature of the FIC, a PTFE liner was incorporated 
into the pressure vessel that resulted in limiting the maximum operating temperature 
to 250 °C.  The results are graphically displayed in Figure 2.2. 
Larger amounts of platinum, palladium, rhodium and iridium dissolved at lower 
pressures by leaching under oxygen.  A comparable amount of platinum dissolved at 
15 bar oxygen and 67 bar air.  The partial pressure of oxygen in 67 bar air equates to 
13 bars and since a comparable amount of platinum dissolved when using 15 bars of 
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oxygen alone and 13 bars partial pressure of oxygen, it was suggested that the 
platinum dissolution depended on oxygen partial pressure.  This arose from the 
leaching experiments carried out under an air atmosphere, when the pressure of air 
was increased from 13 bar to 67 bars (partial pressure of oxygen of 2.6 to 13.4 
respectively) the amount of dissolved platinum gradually increased.  
 
 
 
 
 
 
 
 
  
 
Figure 2.2 Effect of increasing oxygen pressure on the precious metal dissolution in 
FIC 
 
 
It was also established that if the oxygen pressure was reduced to 10 bar and the 
temperature decreased to 200 °C, it was possible to selectively leach palladium, 
rhodium, ruthenium and some iridium without solubilising the platinum. 
 
An experimental programme was designed to optimise conditions for maximum 
dissolution of metals and determine the influence of various parameters.  These 
were : 
• Varying the temperature of the leach at constant pressure 
• Varying the concentration of sulphuric acid at constant pressure and 
temperature 
• Varying the time of the leach at constant pressure, temperature and acid 
concentration 
• Effect of recycling leach residues 
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The experiments performed for the variation of temperature at constant pressure was 
carried out at 10 and 30 bar oxygen pressures while the temperature varied from 
150 °C, 200 °C and 300 °C.  The results indicated that temperature was most 
significant for platinum at a pressure of 30 bars, all the other metals displayed less 
predictable effects.  It appeared that the dissolution presumably depended on the 
nature of the sulphate species in solution during the leach, as in the case of 
ruthenium whereby it appears to form less soluble sulphate species under 30 bar 
oxygen pressure.   
 
When analysing the results from varying the sulphuric acid concentration (3M, 9M 
and 18M) while maintaining 30 bar oxygen pressure at 200 °C, their were significant 
differences.  At 3M sulphuric acid, only rhodium was solubilised, however, increasing 
the acid concentration increased the amount of rhodium and palladium dissolution 
significantly with a smaller influence on the iridium and ruthenium.  Increasing the 
acid concentration to 18 M resulted in negligible increases in palladium and rhodium 
dissolution, but a significant increase of 50 % for ruthenium, while iridium responded 
with minimal amounts of dissolution and platinum still required more forceful 
conditions to be rendered soluble. 
 
The variation in the leach time indicated that the percentage dissolution of palladium, 
rhodium, ruthenium and iridium were virtually independent of this parameter.  
However, platinum dissolution only displayed a preference for longer leach times 
when under higher temperatures and pressures (300 °C and 30 bar oxygen), at the 
lower temperatures the leach times were insignificant. 
 
During additional research (15) continued from the initial studies on eliminating the use 
of chloro-complexes to refine PGMs.  Platinum is known to be a very noble metal with 
a large domain of stability, it is unaffected by acids at room temperature when there 
are no complexing agents present.  Electrochemically, at cathodic potentials platinum 
will adsorb large amounts of hydrogen, while at anodic potentials the platinum 
surface becomes covered with an oxide layer which if it is not divided, passivates the 
metal.  It is generally agreed that the rate of dissolution is extremely slow under 
anodic polarisation alone and that it occurs via a platinum oxide species. 
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It was found that after a long time, the digestion of platinum sponge in concentrated 
sulphuric acid at approximately 250 °C under an oxygen pressure of 30 bar produced 
a cherry red solution.  While the solution from a shorter duration resulted in a 
brownish tint, the platinum content of each of these solutions were almost identical.   
 
A product that has been electro chromatographically isolated, has been proposed to 
in all likelihood be H2[Pt2(SO4)4(H2O)2]6H2O similar to that containing a bridging 
bidentate sulphato groups with platinum having a formal valency of III (16). 
 
2.5 IN-HOUSE RESEARCH PAPERS – ANGLO PLATINUM 
 
A great deal of research has been conducted on the tertiary leach but with the view 
of understanding the base metal chemistry and reactions that control the leach 
durations and acid consumptions.  Minimal attention has been afforded to the PGM 
chemistry up until the point where dissolution values of PGMs reporting to the leach 
liquors have become economically significant. 
 
Concentrated sulphuric acid digestion is a method that is widely used in a number of 
copper refineries to enrich the precious metal bearing copper anode slimes.  This is 
the standard procedure for the treatment of PGM bearing nickel anode slimes in the 
United States Soviet Republic (USSR).  An investigation was centred around the 
treatment of atmospheric leach residue (ALR) by direct concentrated sulphuric acid 
digestion.  The focus was whether or not there was a major effect on the outcome of 
the routes efficiency if the composition of ALR varied (17). 
 
The first part of the investigation looked at the chemical composition of “typical” ALR 
materials produced.  Upon closer analysis, the residues were found to still contain a 
substantial amount of unleached monosulphides (20 - 45%), these were 
predominantly CuS (15 - 35%) with some NiS (5 - 10%) and the remainder base 
metals/PGM alloy (30-50 %) with approximately 15 - 35% of unaccounted material.  
This was considered in all likelihood to be typical of ALR material produced by the 
MC Plant. 
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In some instances “untypical” ALR materials are produced by the plant evidently as a 
result of some “inefficiencies” experienced in the pressure and atmospheric leach 
stages.  These are characterised into four groups depending on their compositions. 
• High sulphur ALR – contains a large amount of unleached monosulphides 
• High nickel ALR – contains a large proportion of poorly leached alloy 
• High copper, high nickel ALR – contains a large proportion of poorly leached 
alloy 
• High iron ALR – contains a substantial amount of ferric hydroxide or basic 
ferric sulphates 
 
It has been accepted that on occasion, all four types of untypical ALR’s will be 
produced by the plant.  It is therefore imperative that the tertiary leach process can 
deal with these anomalies efficiently when there are such departures from normal 
compositions. 
 
The complete dissolution of metals and sulphides in concentrated sulphuric acid 
proceeds according to the following reactions : 
 
MeS + 4H2SO4                   MeSO4 + 4SO2 + 4H2O 
 
Me + 2H2SO4                      MeSO4 + 2SO2 + 2H2O 
 
The results from all the tests performed, indicated that under the conditions 
investigated (temperature 100 - 240 °C, leach time 1-8 hours) platinum, palladium 
and gold were never detected in the leach solutions.  Rhodium and ruthenium 
however, displayed wide ranges of dissolution depending on the leach conditions.   
 
A proposed mechanism of PGM dissolution was suggested by stipulating that the 
ALR contains three distinct phases of rhodium and ruthenium elements. 
1. Ruthenium and rhodium alloyed with other PGM and base metals 
2. Ruthenium and rhodium sulphides precipitated during the first pressure leach 
stage 
3. Ruthenium and rhodium re-precipitated in metallic form during the atmospheric 
leach stage 
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It was not clear as to which particular ruthenium and rhodium compounds were the 
source of soluble values detected in the leach solutions.  During sampling, it was 
obvious that ruthenium solubilised almost instantly i.e. within 10 minutes of leach, 
and then further dissolution proceeded at a slow rate.  Based on these observations, 
it tended to indicate that either 2 or 3 above or both were attacked preferentially, 
thereafter the slow attack was directed towards the larger alloy particles, 1.  This was 
confirmed by the investigation into the dissolution of ruthenium and rhodium 
sulphides and selenides in concentrated sulphuric acid (18).  This was conducted by 
studying the dissolution of freshly precipitated ruthenium and rhodium sulphides 
(RuS, RhS) in concentrated sulphuric acid.  The experimental data showed that from 
140 °C RuS dissolution was evident and only once the temperature had exceeded 
180 °C was RhS attacked in appreciable amounts.  The ruthenium dissolution curves 
displayed a parabolic character whereby 90 % of the dissolved value occurred within 
the first 30 minutes of the leach, with the final 10 % following at a slow rate over the 
remaining 240 minutes. 
 
In another study, these authors reported results on investigating the dissolution of 
rhodium and ruthenium sulphides in the presence of elemental sulphur (19).  They 
found that in the presence of elemental sulphur, PGM dissolution was almost 
completely suppressed up to temperatures of 230 °C.  However, between 230-
270 °C the ruthenium dissolution curves showed an initial solubilisation of 
approximately 50 % of the RuS and then re-precipitation of dissolved ruthenium.  At 
250 °C and 270 °C the re-precipitation was followed again by rapid ruthenium 
dissolution which was due to complete elemental sulphur oxidation to sulphur 
dioxide.  They reported that this chemistry was not well understood.    
The platinum and palladium sulphides on the other hand showed (20) to be only 
marginally attacked even at temperatures above 300 °C. 
 
Hofirek (17) proposed a hypothesis to support the data observed in the concentrated 
sulphuric acid digestion studies. He claimed that during digestion the particles are 
rapidly coated with a layer of solid base metal sulphates which hinder diffusion of 
reactants to and from the particle surface.  In some cases it would slow down or even 
stop dissolution altogether.  The surface area of a larger particle will result in a 
smaller area (per mass of material) amenable to chemical reaction, the end result is 
better metals extraction for smaller particles.  If particles are exposed to repeated 
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digestion, the surface is renewed by dissolution of the solid layer of sulphates in 
water thereby allowing further attack.  Since the particle size is reduced in each 
digestion stage a better extraction is obtained in subsequent stages.  In the diluted 
acid leach, the base metal sulphates are more soluble and this ensures that the 
surface of these particles is kept clean by agitation. 
 
The most important outcome of this study was to illustrate the most significant factors 
influencing the PGM dissolution.  The only two PGMs affected were rhodium and 
ruthenium and they were influenced by : 
• A combination of the PGM to sulphur ratio and temperature.  Any temperature 
from 140 °C resulted in rapid rhodium and ruthenium dissolution where the 
ALR contained a PGM/S ratio < 5, else from 160 °C for PGM/S ratio > 5 
• The addition of sulphur containing materials into the reaction mixture 
suppressed the dissolution of rhodium and ruthenium.  The effectiveness of 
these reagents decreased in the order, sulphide > H2S > elemental S > SO2. 
 
In an attempt to reduce the primary leach run times an investigation into the 
introduction of oxygen enrichment of the high pressure (HP) air was carried out (21).  
However, strict conformances to any proposals or recommendations made for plant 
or process modifications must ensure the adherence to the strict operating 
parameters set out for tolerable extent of PGM dissolution and final concentrate 
quality, these were Rh < 10 mg/l and PGM > 20 000 oz/T.  
The test work encompassed a total of 20 runs where oxygen was added only during 
the so called “monosulphides leach phase” and so if any run time reduction was 
experienced it was due to an increased rate of sulphur oxidation during this time.  
However, the start of the monosulphides leach phase was arbitrarily set at 30 
minutes after the acid addition had been completed. 
 
An average run time was calculated using plant data based on 39 conventional runs 
carried out in the same pressure vessel as the test work.  The total run time equated 
to 515 minutes, the total leach time averaged at 370 minutes and the monosulphides 
leach time was 285 minutes. 
The results showed that rhodium and ruthenium dissolution figures on average were 
reduced by more than half for the oxygen enrichment tests if compared to the 
conventional runs.  This was attributed to significantly better iron precipitation which 
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was a consequence of the higher oxygen partial pressure.  The investigation also 
indicated how variable the leaching times were and how dependent the leaching time 
was on the MEC sulphur content.  The comparison of products from the oxygen 
enriched trials and the conventional runs showed no differences compositionally and 
the PGM enrichment of the FIC was very similar. 
 
A technical audit (22) carried out at the MC Plant on the tertiary leach and filtration 
area highlighted an alarming increase in the dissolution of PGM’s in the tertiary leach.  
To obtain a better understanding of the possible reasons behind this anomaly, 
historical data pertaining to the tertiary leach liquors was collected.  The average 
results are displayed graphically in Figure 2.3 taken over a fifteen year period. 
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Figure 2.3  Historical data on approximate average concentrations in tertiary leach 
liquors 
 
The increased PGM dissolution appeared to be connected to an increase in the acid 
addition from an average of 20 g/l to 70 g/l.  The reason for this increase was 
unknown.  It is a well established fact that in the event of high iron concentrations in 
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the tertiary leach system, an increase in the terminal acidity is required to prevent 
iron precipitation.  However, a high concentration of acid also increases the PGM 
dissolution, so it is imperative that the two parameters, redox and acidity, are well 
controlled to minimise PGM losses to the tertiary leach liquor. 
 
It became evident as displayed in Figure 2.4, that parameters such as these were not 
being carefully controlled. 
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Figure 2.4 Terminal redox of tertiary leaches for the period January – April 1998  
 
Over leaching, i.e. the continuation beyond 520 mV, appeared to be the normal 
operating procedure rather than the exception.  It became apparent that the time 
interval from when the sample was drawn to obtaining the reading was too long (45 
minutes) for proper control of the end point.  In addition to this, the oxygen enriched 
air was used constantly up to and including the final stages of the leach, this again 
making control very difficult resulting in unintentional over-leaching.  Upon 
investigation of the residual acid concentrations as in Figure 2.5, it was again noticed 
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that this was an area of concern with only 42 % of the runs being stopped within the 
specified range.  
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Figure 2.5 Terminal acid concentration of tertiary leaches for period January - April 
1998 
 
It was clearly apparent from this audit, that operator experience or inexperience was 
a significant factor in the efficiency or inefficiencies of the tertiary leach circuit.  The 
control of parameters such as acid addition and end-point redox was crucial to the 
prevention of over leaching and thereby minimising PGM losses to the leach liquor.  
The recommendations from the audit was to utilise a totaliser that was already in 
place to calculate the amount of acid required, to aim at maintaining a 50 g/l acidity 
during leaching and to control the end-point redox more carefully by slowing down 
the reaction kinetics by stopping the oxygen enriched air before the end of the leach. 
 
A comprehensive study (23) involving several leaching options was implemented on 
the plant to try and attempt to minimise the PGM dissolution losses to the pressure 
leach liquors.  Three different leaching conditions were studied, namely, direct 
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pressure leaching (DPL), iron precipitation leaching (IPL) and acid controlled iron 
precipitation leaching (ACL). 
 
Direct pressure leaching (DPL)  
DPL is defined as the straightforward dissolution of base metals using a high excess 
of acid to prevent the re-precipitation of iron. 
 
In view of preventing or minimising any possible risk of corrosion due to high initial 
acid concentration (up to 300 g/l) required for base metal dissolution, the decision 
was taken to add the bulk of the acid during the actual leach operation.  This 
represented a significant departure from the established experimental procedure and 
as a result, uncontrollable dissolution of ruthenium and rhodium in the initial phases 
of the leach was observed. 
 
A factorial experiment conducted to determine the effects of major variables on PGM 
dissolution and enrichment used the following levels :  
Temperature of 100 and 150 °C 
Pressure of 700 and 1000 kPa 
Initial acid concentration of 150 and 200 g/l sulphuric acid 
 
The results showed temperature to be the most significant variable, particularly for 
palladium and rhodium dissolution. 
Palladium dissolution also appeared to be affected by the acid concentration or a 
combination of increasing the acid concentration and temperature. 
Ruthenium showed the least significant variance with the change of parameters. 
However, the leaches performed at low temperature (100 °C) appeared to provide 
conditions conducive to the formation of considerable quantities of elemental sulphur, 
with residues containing up to 40 % total sulphur.  
 
The conclusions for the laboratory scale experiments showed that PGM enrichment 
and dissolution was unaffected by pressure in the range 700-1000 kPa, whilst 
temperature played the most important role. 
Even under very severe leaching conditions, platinum, gold and osmium dissolution 
was negligible, whereas control of palladium dissolution appeared to be critical. 
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The findings of this work precipitated a series of pilot plant tests to confirm and verify 
the various observations. 
 
The pilot plant tests indicated that the iron in solution was found to be predominantly 
present as ferrous for most of the leaching time, but suddenly it would be oxidised to 
ferric and this transformation was accompanied by an immediate increase in the 
ruthenium and rhodium solubilities.  The ratio Fe3+ / Fe2+ in solution was measured as 
a redox potential on a platinum electrode.  The major objective of this was to 
establish the relationship between the redox potential and the corresponding PGM 
dissolution and enrichment. 
 
It was evident that PGM dissolution and enrichment was reasonably sensitive to 
small redox changes, particularly above a potential of 450 mV, and redox 
measurements may be used as an excellent indicator of the progress in PGM 
dissolution or enrichment.  Thus, up to potentials of 450-470 mV, ruthenium and 
rhodium dissolution tended to be moderate (not exceeding 12 mg/l for Ru and 4 mg/l 
for Rh).  Once potentials increased to between 470-500 mV, ruthenium and rhodium 
dissolution increased progressively reaching 30 mg/l and 15 mg/l for ruthenium and 
rhodium respectively by the time the redox had reached 600 mV at 140/150 °C.  The 
dissolution of palladium started when redox measured ~ 530 mV and rapidly reached 
values of up to 90 mg/l at 600 mV.  The rate of PGM dissolution at 130 °C appeared 
to be considerably slower and values did not exceed 15 mg/l and 7 mg/l for 
ruthenium and rhodium respectively at 600 mV.  A stop redox potential of 470 mV 
appeared to be the upper limit for moderate PGM dissolution at the higher 
temperatures (140 and 150 °C). 
 
Figure 2.6 shows the relationship between Fe3+ / Fe2+ ratio and the redox potential, 
the values of Fe3+ and Fe2+ were determined analytically in samples from the tests 
performed at 140 °C.  The results indicated that up to a potential of 400 mV the 
ferrous ion was in large excess reaching equilibrium (ratio 1:1) at ~420 mV.  Rapid 
redox changes take place in the region of 400 mV (Fe3+ / Fe2+ 1:2) to 500 mV (20:1), 
which lasts for no more than 60 minutes.  This resulted in the suggestion to possibly 
terminate the leach without any iron precipitation even at moderate acid and high iron 
concentration at 430 - 470 mV. 
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Figure 2.6  Relationship between ratio Fe3+ / Fe2+ in solution and redox potential 
measured at 140 °C 
 
Figure 2.7 shows the overall picture of the DPL process using the mean values. 
Rhodium dissolution and PGM content showed acceptable degrees of correlation.  
Dissolution lines go through a sudden break at ~540 mV indicating the start of rapid 
PGM dissolution.  The faster increase in rhodium dissolution is noticeable when 
compared with the ruthenium figures.  Above a potential of 560 mV rhodium 
dissolution starts to exceed ruthenium, at 600 mV, 24 % Rh, 22 % Ru whilst at 
450 mV the mean values were 6 % Rh and 9 % Ru.  Palladium dissolution starts at 
530-540 mV and rapidly reached 25 % at 600 mV. 
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Figure 2.7 Overall picture of Direct Pressure Leach process 
 
Analysis of the results indicated that in the optimum end potential range of 430-
470 mV would result in the following mean dissolution values : 
Ru Dissolution  8-10 % 
Rh Dissolution  5-7 % 
Pt, Pd Dissolution  < 0.05 % 
Ir, Au Dissolution  < 0.5 % 
PGM Recovery  98.7 - 99.0 % 
 
In conclusion for DPL experiments, it indicated that the redox potential appeared to 
be a good indicator of PGM solubility and ruthenium and rhodium dissolution 
observed at 140 °C and 150 °C was by a gradual increase to a potential of ~540 mV 
(Ru ~13 % and Rh ~11 %), whereby this was followed by rapid dissolution rates once 
exceeding 540 mV.  At a redox of 700 mV, the dissolution had reached ~35 % for Ru 
and ~45 % for Rh.  Palladium dissolution was visible from ~530 mV reaching values 
over 50 % by the time the redox had reached 700 mV.  A leach temperature of 
130 °C showed a considerably lower dissolution rate, particularly above 450 mV. 
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Laboratory tests indicated negligible platinum (< 0.01 %) and gold (< 1 %) dissolution 
under vigorous leaching conditions (end point was > 650 mV).  No iridium assays 
were available, but due to the high standard redox potential (1156 mV) for the Ir5+ / Ir 
system, dissolution was not likely to be expected. 
Other variables such as pressure, air flow, particle size and magnetic concentrate 
composition showed no significant effect on PGM dissolution and enrichment in 
comparison to the effect of redox potential and temperature. 
 
Iron precipitation leach (IPL) 
The only PGMs that were found to be solubilised during IPL were ruthenium and 
rhodium, these were detected in solution after the pressure leach potentials reached 
580 mV.  Ruthenium and rhodium dissolution were shown to be dependent on 
temperature, redox potential and iron concentration (Fe3+) in solution. 
 
Several tests indicated that iron precipitation suppressed PGM dissolution.  It is 
common knowledge that ferric ion acts as an intermediate oxidising agent (electron 
carrier) in many hydrometallurgical systems.  The Fe3+ / Fe2+ ratio and the redox 
potential are interdependent parameters and the relation between them in equilibrium 
is given by the Nernst Equation : 
 
Log (Fe3+ / Fe2+) = K0(T) + K1(T) Redox 
 
The validity of this formula for MEC leaching was confirmed in DPL tests at 140 °C.  
It was evident that at a redox of ~500 mV the total iron in solution was practically 
equal to the Fe3+ concentration, whilst at 360 mV FeTOT = Fe2+ . 
 
Figures 2.8 and 2.9 show the relationship between ruthenium and rhodium solubility 
and the total final iron concentration (which for all purposes was assumed to be Fe3+) 
for the IPL tests terminated in the potential range of 480-515 mV at 140 °C and 490-
525 mV at 150 °C. 
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Figure 2.8 Relationship between ruthenium dissolution and total iron concentration 
in solution. 
140 °C
150 °C
 
Figure 2.9 Relationship between rhodium dissolution and total iron concentration in 
solution 
 32 
An increase in solubility of both metals with increasing iron concentration is 
apparent : on average the Ru increased from 9% to 15 % (5 g/l to 20 g/l) Fe at 
140 °C, and from 4.5 % to 10.5 % at 150 °C; similarly Rh from 5 % to 10 % at 140 °C, 
and from 5.5 % to 12.5 % at 150 °C.  However, the above interpretation of results 
should be taken with caution.  It is well known that an iron precipitate acts as a good 
collector for soluble PGM.  So the lower the iron concentration in solution, the larger 
the amount of precipitate generated; this is likely with the proportionally higher mass 
of PGM collected.  However it must be noted that the changes in iron concentration 
must be considered as a dynamic system, i.e. Fe3+ is continuously removed as 
jarosite or hematite and Fe2+ is oxidised to Fe3+ as the redox potential rises.  A low 
iron concentration appeared to have a significant effect on palladium solubility, 
despite potentials close to 600 mV in some tests, the palladium dissolution of <0.10% 
was observed in all IPL tests. 
 
Figure 2.10 shows ruthenium and rhodium solubilities in relation to the redox 
potential in the range of 400-550 mV while the Fe3+ concentration was reported being 
in the narrow range of 1.5 - 3.5 g/l at 150 °C.  The Fe3+ concentration was calculated 
from the analytical results for  FeTOT using the Nernst equation. 
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Figure 2.10 Relationship between ruthenium and rhodium dissolution and redox 
potential. 
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It was evident that leaching at higher acidity corresponded to higher iron 
concentration in solution and therefore resulted in a larger quantity of PGMs into 
solution. 
 
Based on experimental results, Figure 2.11 shows an idealised relationship between 
ruthenium and rhodium solubilities and temperature at a constant final acidity of 
20 g/l and a termination redox of 500 mV.   
PGM Content
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Figure 2.11 Ruthenium and rhodium dissolution as a function of leaching 
temperature. 
 
The peak in PGM solubilities at the intermediate temperature of 140 °C was rather 
surprising and interpretation of the observations was that, an appreciable PGM 
dissolution occurred predominantly during the sulphide leach, i.e. in the redox range 
of ~350-460 mV.  It is therefore feasible to assume that dissolution rates for both 
PGM and base metal sulphides increase with increasing temperature.  The redox 
potential which reflects the Fe3+/Fe2+ ratio in solution, is maintained by the following 
reactions : 
1. Oxidation of CuS (NiS) by Fe3+ producing Fe2+ ions 
       S2- + 4H2O + 8Fe3+                    SO42- + 8H+ + 8Fe2+  [2.1] 
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2. Oxidation of Fe2+ to Fe3+ by dissolved oxygen 
       4Fe2+ + 4H+ + O2                        4Fe3+ + 2H2O  [2.2]               
 
The maximum leaching time and solubility at 140 °C was then explained by : 
1. At temperatures below 130 °C reaction (2.1) does not appear to take place 
prior to a redox of 500 mV.  Reaction (2.1) controls the rate of redox change, 
which in the absence of an active reducing agent is fast, resulting in a short 
reaction time to a redox of 460 mV despite low base metal extraction.  Both 
the short leaching period and the depressed PGM dissolution rate due to low 
temperature results in low PGM solubility. 
2. At 140 °C the dissolution of sulphides, although almost complete in the redox 
range of 350-460 mV, is relatively slow.  The period of PGM attack is 
prolonged (250-300 min at 20 g/l acid), resulting in appreciable PGMs in the 
final solution despite the moderate rate of PGM dissolution. 
3. At 150 °C the sulphide dissolution is accomplished in a relatively short period 
(120-150 min at 20 g/l acid), which thus compensates for the higher rate of 
PGM dissolution.  Also the solubility of iron decreases with increasing 
temperature and causes a with further positive effect on the degree of PGM 
dissolution. 
 
It would be logical to conclude that low sulphur (5%) metallic concentrates with a 
shorter sulphide leach period would therefore give better PGM recovery.  However, 
this could not be statistically confirmed due to insufficient data.  Because of the risk of 
high corrosion rates, 150 °C was never exceeded as an operating temperature.  
However, PGM recoveries in the range of 99.8-99.9 (with majority at 99.5 %) were 
reported (24) in the leaching of metallic concentrate at 170 °C. 
 
In summary, the IPL performed at 150 °C gave significantly lower mean dissolution 
values for both ruthenium 5.5 % lower at 450 mV (3.5 % vs. 9.0 %) and rhodium 
3.0 % lower (3.0 % vs. 6.0 %) than those for DPL at 140 °C.  The difference 
appeared to increase as the redox potential increased. 
The low acid procedure at 150 °C brought another benefit in suppressing PGM 
dissolution and thereby enabling termination of the leach at potentials as high as 
500-530 mV. 
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Their was a concern that a drop in leaching efficiency in the IPL type of leach would 
result either due to the coverage of particles and blockage of pores by fine iron 
precipitates, or to the low ferric ion concentration.  However, analysis of the results 
showed that iron precipitation was not a hindrance to an effective leach. 
 
The reactive solids dissolution figures for IPL and DPL tests at 140 °C were plotted 
against redox potential.  The minimal difference between the individual results from 
both groups of tests confirmed the insignificance of iron precipitation on the efficiency 
of the pressure leach, at least up to potentials of 500 mV. 
During precipitation the acidity increased by some 10-15 g/l, acid was generated by 
the hydrolysis of ferric sulphate.  Analysis of the results showed that final acidity and 
leaching temperature were the most important factors controlling the final iron 
concentration. 
 
For practical purposes, a compromise should be made between PGM solubility, 
where an increase in acid and iron concentration causes PGM solubility to increase 
and leaching time, where an increase in acid and iron concentration can result in a 
decrease in leach time. 
The alloy leach is characterised by a very rapid dissolution of base metals (60 -
120 min at 150 °C). 
The second phase, predominantly leaching CuS, contributes significantly to the total 
leaching time.  The rate of dissolution is not limited by oxygen or acid availability as 
no acid is required for the sulphide leach.  During this phase PGM dissolution takes 
place. 
The results show that : 
1. The leaching rate increases with increasing acidity particularly at a 
temperature of 140 °C.  The increased iron concentration is certainly the major 
contributing factor, although it is known that acidity itself (H+ concentration) 
promotes the oxidation of CuS. 
2. The leaching rate increases with increasing temperature, a natural 
consequence of kinetic laws. 
3. The leaching rate decreases with increasing sulphur content in MEC resulting 
in a higher proportion of reactive sulphides.  Calculation indicates that at 
10 % S MEC contains 40 % sulphides and 55 % alloy, whilst at 5 % only 15 % 
sulphides and 80 % alloy. 
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In Conclusion 
1. Ruthenium and rhodium were the only two PGMs detected in final solutions 
when the leaches final redox potential reached 580 mV. 
2. At 150 °C ruthenium and rhodium solubility were shown to increase with 
increasing redox potential and Fe3+ concentration in solution at rates of 1.2 % 
and 2.6 % respectively per 100 mV.  Alternatively this could be expressed as a 
function of Fe2+ concentration whereby ruthenium and rhodium solubility 
increased by 0.7 % to 0.5 % respectively for each 1 g/l Fe3+.  Any potential 
above 550 mV showed a sudden increase in dissolution rate of both metals.  
The leaching temperature indicated a maximum ruthenium dissolution at 
140 °C with an unexpected drop at 150 °C.  Rhoduim dissolution appeared to 
be almost identical at 140 °C and 150 °C. 
3. The iron precipitation leach indicated that ruthenium and rhodium solubility 
were reduced by almost 50 % to those recorded in the DPL. 
4. PGM enrichment has been shown to be dependent on temperature, redox 
potential and the content of insolubles in MEC. 
 
Acid controlled iron precipitation leach (ACL) 
The cause of extremely high PGM dissolution (Ru,Rh > 20%) was immediately 
recognised by the low acidity during the alloy leach phase due to fast reaction rates 
which were caused by the high operating temperature (150 °C) and pressure 
(1000 kpa).  Adjusting the temperature and pressure to 120 °C and 500 kPa 
respectively during the first acid addition, and to 140 °C / 800 kPa during the second 
acid addition slowed these reaction rates down.  An immediate drop in ruthenium and 
rhodium solubility to below the specified limits (Ru < 10 %, Rh < 5 %) was recorded. 
Improved agitation under these conditions resulted in a considerable increase in 
reaction rates (acidity < 1.0 g/l during first acid addition) and a marked increase in 
PGM dissolution (Ru, Rh > 20 %).  A further decrease in the operating pressure to 
700 kPa in the second phase slowed down the reaction rates, and fast acid addition 
during the second addition increased the acid level at the end of the alloy leach 
phase with subsequent improvement in PGM solubility.  
 
The low acid concentration that was maintained during the alloy leach phase had a 
remarkable effect on the PGM dissolution pattern.  Instead of ruthenium and rhodium 
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concentrations slowly increasing during the alloy leach and the beginning of the 
sulphide leach phase, reaching moderate values above the potential of 400 mV as 
was observed in the DPL (direct pressure leach) and IPL (iron precipitation leach) 
pilot plant tests, the ruthenium and rhodium concentrations in the ACL (acid 
controlled leach) tests reached maximum values by the end of the alloy leach phase 
at the potential <300mV.  Then during the Cu2S leach interphase 300-350 mV these 
concentrations decreased and then during the sulphide leach phase a further slow 
increase occurred.  A large number of tests were performed to determine the cause 
of such anomalous behaviour. 
PGM Dissolution during alloy leach phase 
Depending on the rate of addition and the conditions (temperature, 
pressure) controlling the reaction rates, 4 different acidity patterns were 
recognised having profound effect on PGM dissolution. Figures 2.12 to 
2.17 shows the inverse relationship that was observed between the 
acidity and redox. 
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Figure 2.12 Acidity pattern : Flat 
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Figure 2.13  Acidity pattern : Flat – Low Peak 
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Figure 2.14 Acidity pattern : Flat – high peak 
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Figure 2.15 Acidity pattern : High – high 
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Figure 2.16 Acidity pattern : Peak 
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Figure 2.17 Acidity pattern : Peak - peak 
 
The following relationships were observed from the graphs :  
A direct relationship was observed between acid and iron in solution 
An inverse relationship was observed between iron in solution and redox 
A direct relationship was observed between ruthenium solubility and acid 
A direct relationship was observed between rhodium solubility and redox in 
the terminal stages of the leach 
 
The unpredictability of the material with respect to the PGM solubility during leaching 
was illustrated during the sampling campaign of this test work.  The rhodium 
concentration followed the same trend as the ruthenium concentration in the early 
tests, where maximum rhodium concentration recorded was 20-50 mg/l which 
happened during the second addition.  The soluble rhodium then decreased slightly 
during the Cu2S leach interphase (average Rh min. 32.6 mg/l), and at the end, the 
final rhodium dissolution usually amounted to larger values than that for ruthenium.  A 
sudden change was noticed at the beginning of the second sampling campaign when 
extremely low rhodium levels were observed during acid addition, these rarely 
exceeded 10 mg/l even at a maximum ruthenium concentration approaching 
100 mg/l.  The final rhodium dissolution figures were generally lower than those for 
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ruthenium.  This same behaviour was observed during the third sampling campaign.  
This phenomenon was not understood as no changes to the leaching procedure 
were made.  However, prior to commencing with runs 150-160 the converter 
operating practice had been modified by blowing the sulphur content to lower levels 
to adjust the iron content in the converter matte to the optimum region of 2.5 – 3.5 %, 
this was required for maximum PGM recovery in magnetic separation.  Although 
there was no positive proof, it may have been possible that these changes resulted in 
changes to the chemical and mineralogical structure of the metallic concentrate, 
which may be attributed to cause the marked decrease in rhodium solubility. 
 
The leaching of the reactive solids was practically completed at a potential of 
~460 mV; thus any benefit gained from further leaching was overwhelmingly impaired 
by the high PGM dissolution (10 mg/l Ru = 3-4 % diss., 10 mg/l Rh = 5-6 % diss.). 
In summary the ACL experiments identified two critical phases of PGM dissolution 
(only one for DPL or IPL type of leach) : 
A late alloy leach phase which was critical for ruthenium dissolution 
A terminal sulphide leach phase which was critical for rhodium dissolution 
 
Although the IPL tests gave acceptable PGM dissolution in a redox range as high as 
500-530 mV, PGM dissolution in ACL tests were shown to be excessive even at 
potentials of 460-480 mV.  This may have been the result of a different pattern of 
PGM dissolution during the alloy leach phase.  Another important aspect to note was 
the minimal amount of palladium dissolution that occurred (did not exceed 3 %) at 
potentials above 500 mV. 
 
In Conclusion 
1. Acid controlled iron precipitation leach (ACL) showed a unique pattern of 
ruthenium and rhodium concentration changes during the leach operation: 
moderate dissolution was recorded during the initial alloy leach with maximum 
dissolution figures attained at the end of the alloy leach phase, followed by a 
sudden drop during the Cu2S leach interphase, and practically no further 
change during the lengthy mono-sulphide leach phase.  It was shown that 
such anomalous behaviour was due to the changed acidity levels during the 
alloy leach phase. 
 42 
2. Four different acidity patterns were recognised which had a profound effect on 
the final PGM dissolution figures. 
• Acidity < 15 g/l during the entire alloy leach phase produced an 
unacceptable final PGM dissolution, Ru 15-30 %, Rh 10-15 % 
• First acid addition at < 15 g/l, second addition was at 30-70 g/l 
• First and second acid additions at 20-50 g/l each, resulted in moderate final 
PGM dissolution, Ru < 10 %, Rh < 6 % 
• First and second acid additions at 70-150 g/l gave the best results with 
respect to final PGM dissolution, Ru , Rh < 5 %, however, the acidity did 
not fall within the specified range for the corrosion limit. 
3. It was observed that the ruthenium concentration maximum at the end of the 
alloy leach phase was proportional to the duration of the flat phase, i.e. the 
longer the period of low acidity the higher the ruthenium concentration during 
the second acid addition.  On the other hand the extent of ruthenium 
precipitation during Cu2S leach interphase was shown to increase with an 
increase in acid concentration during the second acid addition. 
4. Experiments indicated that a redox potential of 460 mV was critical for rhodium 
dissolution; on average rhodium dissolution figures were doubled by further 
leach into the region of 460-480 mV, as compared with figures at 440-460 mV.  
Fast ruthenium dissolution was noticeable at potentials above 480-500 mV.  
Palladium dissolution in the order of 1-3 % was also observed above a 
potential of 500 mV. 
5. During the alloy leach phase the copper in solution was precipitated as a 
copper sulphide.  The degree of precipitation was dependent on the sulphur 
content in the metallic concentrate.  Below a 5 % sulphur level there was an 
actual increase in Cu2+ concentration. 
 
Chemistry of the pressure leach 
However, the lack of thermodynamic data for the system at high temperature and 
concentration as well as the complexity of the reactions in the system made the 
ability to perform quantitative analysis extremely difficult.  But basically all three types 
of pressure leaches (IPL, DPL, ACL) appeared to have identical chemistry with minor 
but sometimes important departures. 
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The chemical changes that the components undergo can usually be defined within 
certain redox ranges, designated  
1. Alloy leach phase (redox 150-300 mV) 
2. Cu2S leach interphase (redox 300-350 mV) 
3. Monosulphide leach phase (redox 350-450 mV) 
4. Overleach phase (redox >450 mV) 
Naturally these phases are not clearly separated but more or less overlap depending 
on the leach conditions, particularly on temperature and acid concentration. 
 
Table 2.1 summarises the characteristic changes during individual leach phases for 
all three types of pressure leach. 
 ALLOY LEACH PHASE CU2S LEACH 
INTERPHASE 
MONOSULPHIDES 
LEACH PHASE 
OVERLEACH PHASE 
Duration * 20 - 40 % 5 - 20 % 50 - 75 %  
Mineralogical 
changes in 
solids 
Base metal alloy Ni-Fe-Cu 
dissolved 
Ni3S2             NiS, Ni3S4 Cu2S 
remains unattacked 
Cu2+ precipitates as Cu2S by 
reaction with Ni3S4 (Ni,Fe)3S4 
dissolved 
Cu2S                  CuS 
Ni3S4                  NiS 
CuS, NiS oxidised to sulphates at 
130 °C and acid concentration 
>50g/l elemental sulphur is 
predominantly formed 
Pt rich alloy Pt-Ni-Fe-Cu is 
attacked (DPL) 
Direct 
Pressure 
Leach (DPL) 
Redox plateau 200-250 mV 
Only Ru solubilises 
Redox jump 250 to 350 mV 
Minimum acidity reached 
>40g/l 
Redox plateau 350-400 mV 
Rh solubilises at the start of this 
phase, redox ~350 mV 
Ru, Rh slowly dissolves, 
dissolution rate in the order 
Ru>Rh 
Overall dissolution Ru 8-10%, Rh 
5-7% 
Redox jump 400 to 550 mV 
Remaining sulphides dissolved 
Pd solubilises at ~530 mV 
Ru, Rh, Pd rapidly dissolves, 
dissolution rate in the order 
Pd>Rh>Ru 
Overall dissolution Ru 15-20%, 
Rh 15-20%, Pd 20-30% 
Iron 
Precipitation 
Leach (IPL) 
Redox plateau 200-250 mV 
Only Ru solubilises 
Redox jump 250 to 350 mV 
Minimum acidity reached 
<40g/l 
Fe starts to precipitate at the 
end of this phase as hematite 
or jarosite 
Redox plateau 380-450 mV 
Fe steadily precipitates releasing 
acid into solution, acid 
concentration increases 
Rh solubilises at ~350 mV 
Ru, Rh concentration in solution 
practically without change 
Overall dissolution Ru 3-5%, Rh 
2-4% 
Redox jump 450 to 550 mV 
Remaining sulphides only 
marginally attacked 
Pd does not solubilise 
Ru, Rh slowly dissolve in the 
order Rh>Ru 
Overall dissolution Ru 6-8%, 
Rh 8-12% 
Acid 
Controlled 
Leach (ACL) 
Redox plateau 200-300 mV 
depending on rate of acid 
addition 
Ru, Rh, Pd solubilise in large 
extent in order Ru>>Rh>Pd 
Dissolution rate depending on 
rate of acid addition 
Redox jump 300 to 400 mV 
Minimum acidity reached 
<40g/l 
Fe starts to precipitate at the 
end of this phase 
Dissolved Ru, Rh, Pd rapidly 
precipitate as sulphides 
Efficiency dependent on acidity 
level at start of leach 
Same as IPL 
Overall dissolution Ru 5-10%, Rh 
3-6% 
Same as IPL but Rh rapidly 
dissolves above ~460 mV 
Overall dissolution Ru 8-15%, 
Rh 15-20% 
Duration * = % of total leaching time, excluding over-leach. 
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In the ACL the Cu2S leach interphase was characterised by the sudden precipitation 
of soluble PGM (Ru, Rh, Pd) (Figures 2.18 to 2.21).  The PGM precipitation was 
generally associated with the formation of elemental sulphur, followed by its reduction 
to the sulphide ion which precipitated the PGM’s as insoluble sulphides. 
After the completion of the Cu2S leach interphase, generally more than 75 % of the 
solids had been dissolved, the extraction of nickel and iron exceeded 90 %. 
 
Figure 2.18 Changes in Ni, Cu, total Fe and acid concentration in solution under 
DPL conditions 
 
Figure 2.19 Changes in Ru, Rh and Pd concentration in solution under DPL 
conditions 
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Figure 2.20 Changes in ferrous and ferric concentrations in solution under DPL 
conditions 
 
 
Figure 2.21 Changes in Ni, Cu, total Fe and acid concentration in solution and in 
redox potential under IPL conditions 
 
The monosulphide leach phase occupied ~50-80 % of the total reaction time, 
depending on the acidity and sulphur content in the metallic concentrate.  The phase 
was characterised by a redox plateau between 350-450 mV at high acid 
concentration (DPL) and 400-450 mV at low acid concentration (IPL).  The main 
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reaction is the oxidation of the copper and nickel monosulphides to their 
corresponding sulphates. 
In the case of IPL, the dissolved iron steadily precipitated as hematite or jarosite, 
both reactions released fresh acid which, not being consumed, increased the acid 
concentration in solution (Figures 2.21 and 2.22).  The final iron concentration was a 
result of the action of many factors, the major ones being temperature, acidity, redox 
potential, sodium ion concentration and reaction time. 
 
 
 
Figure 2.22 Changes in Ni, Cu, total Fe and acid concentration in solution and in 
redox potential under IPL conditions 
 
Experimental data has indicated that the kinetics of the oxidation of copper and nickel 
monosulphides to their sulphates was strongly influenced by acidity.  When the 
acidity was increased by three fold, the sulphide dissolution rate increased 2.5 times, 
when the acidity was increased by six fold the sulphide dissolution rate increased 5 
times. 
 
The concentrated sulphuric acid digestion process developed for the final enrichment 
of the MC Leach Plant PGM bearing residue was found to be unsuitable for treating a 
high sulphur feed material (>15 %),i.e. high sulphur atmospheric leach residue (ALR) 
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which is associated with high sulphur (>8 %) magnetic concentrates (MEC).  The 
final concentrate (FIC) produced under these conditions presented numerous 
problems in the handling and subsequent processing of this FIC at Wadeville. 
It was therefore necessary to develop a tertiary pressure leach (TPL) process for the 
treatment of ALR irrespective of their sulphur contents (25). 
 
Early laboratory investigations had indicated that a high sulphur feed (>15%) tended 
to produce residues with a substantial quantity of elemental sulphur.  This fact was 
born out of the full plant scale operation during April 1978 when FIC containing up to 
30 % sulphur at 12 000 oz/t PGM were produced.  High sulphur ALRs were 
associated with high sulphur (8 %) MEC. 
 
The quantity of the sulphides and thus the sulphur content of ALR were determined 
by the efficiency of the primary pressure leach. 
The major component of the sulphidic phase was copper mono-sulphide (CuS) 
comprising 65-90 % of total sulphides, followed by nickel monosulphide NiS (10-
30 %), with negligible amounts of iron sulphide (FeS ? <5 %).  The presence of 
minute quantities of ruthenium, rhodium and palladium sulphides was suspected 
(23,26)
.  These sulphides originate in PGM re-precipitation step (from solution) during 
the primary pressure leach. 
 
The major component of the metallic phase was the base metal (Ni-Fe-Co-Cu) – 
PGM alloy that accounted for 80-95 % of the total metallic fraction.  The original alloy 
particles in the MEC consisted of base metal envelopes with negligible PGM content, 
surrounding PGM rich cores.  The base metal envelope was almost completely 
dissolved in the primary pressure leach leaving the PGM rich cores in the ALR, 
although remnants of the envelopes were still present.  The major constituents of the 
primary alloy cores in descending order were : nickel (30-50 %), platinum (30-50 %), 
iron (5-10 %) and copper (5-10 %). 
Soluble ruthenium and rhodium are co-precipitated with the iron compounds during 
the primary pressure leach; they are then re-dissolved and re-precipitated during the 
atmospheric leach.  Analogous with soluble copper it is believed that both metals are 
also re-precipitated in metallic form. 
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The laboratory test work was designed to establish the significance of temperature 
(100 and 150 °C), starting acid concentration (25, 50, 100 g/l) and leaching times (2, 
4, 8 hours) on base metal and sulphur extraction and on PGM dissolution.  The 
Yates’ technique was used to establish the effect of the variable parameters.  The 
results showed that copper, iron and sulphur leaching was practically completed in a 
shorter time than the minimum 2 hours studied and that time plays the least 
significant role.  Temperature and the initial acid concentration appeared to 
significantly affect the nickel extraction.  An increase in temperature and acidity 
appeared to significantly affect palladium dissolution, acidity only, influenced rhodium 
dissolution, while ruthenium appeared to be equally divided.  Gold and platinum 
showed negligible affects at all levels. 
Reducing the initial acidity to 25 g/l further reduced the PGM dissolution, however, 
extraction of the base metals was also suppressed. 
 
In view of finding an easily measurable control parameter suitable for optimising the 
tertiary leach process (i.e. enabling maximum PGM enrichment at minimum PGM 
dissolution), a series of pilot plant tests were conducted.  However, temperature was 
selected as the only variable although acidity was also shown to be significant in the 
laboratory scale tests.  The accurate control of acidity on the plant scale appeared to 
be difficult and it was therefore decided to maintain leaching acidity (i.e. acid 
concentration after the initial dissolution of the metallic copper, copper oxide and 
ferric compounds) at 30-50 g/l to afford reasonable sulphide leaching rates.  The time 
variable would obviously be determined by the controlling parameter. 
 
Dissolution of CuS is the slowest of the leaching reactions with base metals and the 
quantity of CuS (or S content) in the ALR basically determines the duration of the run.  
The results are displayed graphically and indicate two characteristic waves : the first 
was attributed to the attack of base metal–PGM alloy.  The second was attributed to 
alloy attack that commenced in the redox range of 480-500 mV followed quickly by 
rapid dissolution of ruthenium.  It was not clear whether the remnants of the base 
metal envelopes or the outer layers of the cores were dissolved.  The coincidence of 
the simultaneous start of the alloy attack and ruthenium and rhodium dissolution 
points to the possibility that PGM dissolution originated from PGM alloyed with base 
metals.  However, the separation in redox between the start of ruthenium and the 
start of palladium dissolution (~ 500-100 mV) and the continuation of their dissolution 
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during the over-leach phase indicated that the PGM dissolution originated from either 
PGM sulphides (Ru, Rh, Pd) precipitated in the primary pressure leach or PGM 
metals (Ru, Rh) precipitated in the atmospheric leach or a combination of the two. 
The evidence for alloy attack was the absence of copper and sulphur extraction (low 
initial acidity), and the occurrence of nickel and iron dissolution reaching values of up 
to 50 % of the total nickel and iron extracted. 
When ALR was leached to a redox of greater than 600 mV, the dissolution of alloy 
was terminated at ~550 mV redox and even if the leach was prolonged to a redox 
>600 mV no additional dissolution of nickel and iron occurred (Figure 2.23). 
 
 
 
Figure 2.23 Temperature of 140 °C - High initial acidity. Extraction of individual 
metals and total PGM concentration in solution 
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The study showed that sulphur extraction appeared to be significantly affected by 
temperature particularly below 140 °C.  Thus the average sulphur content in the 
residues at 550 mV obtained from the leaching of medium sulphur ALR was 4-6 % at 
140-150 °C, ~ 7 % at 130 °C and ~ 9 % at 120 °C. 
The over leach phase was characterised by the absence of base metal dissolution 
despite the prolonged attack (over 2 hours).  Ruthenium and rhodium dissolution, 
however, continued at a rate initiated during the alloy attack phase.  The redox 
rapidly reached 600-620 mV, followed by a slow increase to 650-660 mV.  Palladium 
dissolution commenced at 570-600 mV reaching values of up to 600 mg/l within 30-
60 minutes of the start of dissolution.  At 650 mV up to 25 % of ruthenium and 
rhodium and 10 % of palladium were solubilised. 
 
All the curves have a characteristic S shape indicating further sulphur oxidation after 
the plateau between 450-550 mV.  A small jump above redox 550 mV was also 
apparent on the sulphur extraction curve.  Metal extraction figures indicated that their 
dissolution was completed at ~550 mV thereby explaining the terminal drop in 
sulphur assay to be due to the oxidation of elemental sulphur.  Further analysis of the 
residue indicated that about 50 % of the copper was dissolved in the initial phase of 
the leach without any sulphur extraction (Figures 2.23 and 2.24). 
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Figure 2.24 High acid pressure leach residue, temperature of 140 °C - High initial 
acidity.  Extraction of individual metals and total PGM concentration in 
solution 
 
The PGM content increased above a redox of 450 mV which was attributed to the 
alloy attack in the redox range ~500-550 mV and elemental sulphur oxidation above 
redox ~530-550 mV. 
 
The MC Plant standard procedure for judging the quality of FIC is based on the base 
metal and sulphur (%) to PGM (%) ratio, which is specified not to exceed a maximum 
of 0.35.  Based on experiments carried out at 130, 140 and 150 °C, the relationship 
indicated that the specification was hardly achievable on a permanent basis even in 
the event that the ALR underwent a complete leach to redox >600 mV.  More 
detailed analysis indicated that high nickel content played a major role in debasing 
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FIC quality.  The high nickel content in FIC was as a consequence of low platinum-
high nickel cores that formed during the slow cooling process. 
 
Rhodium, ruthenium and palladium all displayed rapid dissolution rates at redox 
potentials above redox 550 mV.  On average the ruthenium concentration increased 
by 6 fold (100 mg/l to 600 mg/l) in the redox range 550-650 mV.  Similarly rhodium 
increased by 15 fold (35 mg/l to 500 mg/l) and palladium by 500 fold (1 mg/l to 500 
mg/l).  Thus a redox of 550 mV appeared to be the maximum acceptable value for 
leaching at temperatures of 140 and 150 °C as control of the rapid PGM dissolution 
in a high redox range appeared to be difficult.  The rate of PGM dissolution 
decreased as the temperature decreases and so at 120 °C, leaching to a redox of 
600 mV would then be acceptable. 
Comparison of the metal extraction curves with the PGM concentration curves 
indicated that attack on the base metal PGM alloy (~500 mV) was always associated 
with the start of rapid ruthenium dissolution.  Another very important fact that 
emerged from these graphs was the start of rhodium dissolution, which was 
occasionally postponed and the start of palladium dissolution was always postponed.  
Palladium dissolution commenced in the redox range 570-600 mV (140-150 °C), 
some 30-60 minutes after the start of the ruthenium dissolution.  The delayed start in 
palladium dissolution facilitates termination of the leach prior to this stage, this was 
practically demonstrated in Figure 2.25.  Although alloy attack lasts for a very short 
period within the redox range 500-550 mV, tests terminated at redox >600 mV 
indicated that PGM dissolution continued unabated in the absence of further base 
metal leaching. 
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Figure 2.25 Temperature 150 °C, concentration profiles 
 
There was no difference in PGM solubilities for temperatures 140 and 150 °C, 
however, below 140 °C solubility rapidly decreased to very low values at 120 °C.  
When the temperature was decreased the start of the alloy attack and ruthenium 
dissolution was shifted to higher redox ranges.  At 120 °C rapid ruthenium and 
palladium dissolution started at ~550 mV and ~650 mV respectively. 
 
Experimental data indicated that no additional benefit of improved FIC quality was 
achieved when leaching continued past a redox of 550 mV.  At this stage practically 
all base metal leaching and sulphur oxidation (low initial acid quantity) was 
completed.  This information was in good agreement with the maximum acceptable 
stop redox potential of ~550 mV (130-150 °C) based on PGM dissolution data. 
If the limited PGM dissolution values were used, the maximum redox potentials were 
determined from graphs for various temperature ranges : 
• At 140, 150 °C  520 mV Limited by rhodium dissolution 
  
• At 130 °C 580 mV  Limited by ruthenium dissolution  
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• At 120 °C 610 mV  Limited by ruthenium dissolution  
   
 
To accommodate additional PGM dissolution that would occur during cooling and to 
simplify plant control of the leaching process, the maximum stop redox potentials 
were lowered to 500 mV (140, 150 °C), 550 mV (130 °C) and 600 mV (120 °C).  
Figure 2.26 shows the overall scenario of pressure leaching ALR and how critical it is 
to terminate leaching at the prescribed potential.  A leaching temperature of 120 °C, 
despite the high permissible redox potential, appeared to be insufficient for good 
sulphur oxidation. 
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Figure 2.26 Palladium, rhodium and ruthenium dissolution; PGM recovery and PGM 
content in residue (corrected for insolubles) each as a function of redox 
potential at leaching temperature 150 °C  
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The control of the pressure leach process to within the prescribed redox potential 
range is pertinent to prevent excessive PGM dissolution.  However, due to a 10 
minute time interval between plant measurements, redox changes in the final stages 
of the leach should be sufficiently slow to avoid over-leaching. 
  
Tests showed that either by reducing the leach pressure to 690 kPa and the air flow 
rate to 1.42 m3/min at 150 °C, or by adjusting only the air flow to 1.42 m3/min at 
130 °C 50 mV readings prior to reaching the stop redox potential the redox change 
rate could be reduced to 1-1.5 mV/min.  It was also evident that a cooling period 
(lasting between 40 and 60 minutes) during the critical redox range significantly 
enhanced the overall PGM dissolution; this particularly true for palladium.  Therefore 
to suppress additional PGM dissolution, the air inlet was to be closed completely 
during cooling.  The duration of the leaching period and thus the rate of redox change 
appeared to be dependent on the sulphur content of the ALR.  This was logical as 
leaching of the sulphides occupied up to 90 % of the total leaching time.  From this 
point of view moderate or high sulphur ALRs (S >10 %) would be advantageous, 
offering more time for control in the critical redox range and thus diminishing the 
possibility of over-leaching. 
 
Overall assessment of the tertiary pressure leach 
Despite the low sulphur contents of ALR redox control appeared to be manageable, 
and over leaching by 20 mV at 500 mV would be acceptable provided that this 
occurred in only a small proportion of the runs. 
Total PV operating time for individual runs varied considerably from 3.2 hours to 11 
hours with an average of 6 hours/run. 
The overall MC leach plant PGM dissolution accounted for 6.28 % of ruthenium and 
4.94 % of rhodium. 
 
An overwhelming number of advantages (both quantitative and qualitative) of TPL 
over sulphuric acid digestion (SAD) led to the decision to adopt the TPL process on 
full scale production.  The advantages and disadvantages of TPL compared with 
SAD are listed below. 
Advantages - TPL would ensure a low sulphur content in the FIC (< 5 %) 
independently of the sulphur contents in MEC and ALR, TPL requires substantially 
less operating time. 
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Disadvantages - Ruthenium and rhodium dissolution was about an order of 
magnitude lower in SAD, not exceeding 0.1 % for both metals, PGM segregation 
appeared to be enhanced in TPL. 
 
Conclusions 
1. The pressure leach of ALR proceeded according to the five well distinguished 
phases : 
a. Dissolution of metallic copper (CuO) and oxidation of copper 
monosulphide (high initial acidity) accompanied by production of 
elemental sulphur. 
b. Oxidation of nickel and iron monosulphides to their respective 
sulphates. 
c. Oxidation of copper monosulphide to sulphate. 
d. Alloy attack (dissolution of metallic nickel and iron) accompanied by the 
start of rapid ruthenium and rhodium dissolution. 
e. The over-leach phase characterised by the continuation of ruthenium 
and rhodium dissolution, the start of palladium dissolution and 
elemental sulphur oxidation. 
2. Most of the copper (~90 %) was dissolved prior to redox 450 mV reaching its 
limiting dissolution (~95 %) at 500 mV. 
3. The dissolution of nickel and iron sulphides was complete at redox 400 mV.  
Alloy attack commenced at 480-500 mV and was complete at ~ 550 mV (130-
150 °C).  About 60 % of the nickel and iron was removed from an average 
ALR. 
4. Sulphide sulphur extraction was complete at 500 mV (75-80 %).  Elemental 
sulphur oxidation commenced at 500 mV and was complete at ~ 600 mV (85-
90 % overall sulphur extraction).  Elemental sulphur originated from CuS 
oxidation during the initial phase of the leach.  This phenomenon can be 
suppressed by using a low initial acidity (~10 g/l). 
5. Negligible platinum, iridium and gold dissolution (<0.1 %) was observed during 
the pressure leach up to 650 mV at 150 °C. 
6. Low dissolution figures were recorded for ruthenium (< 2 %), rhodium (< 1.5 
%) and palladium (< 0.1 %) prior to the alloy attack phase (~ 500 mV) at a 
leach temperature of up to 150 °C. 
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7. Rapid ruthenium and rhodium dissolution was associated with the start of the 
alloy attack (~ 500 mV) and continued unabated, despite the discontinuation of 
base metal dissolution at ~ 550 mV, values of up to 25 % was measured for 
both ruthenium and rhodium at 650 mV and 150 °C. 
8. Rapid palladium dissolution commenced at redox ~ 550 mV and reached 
values of up to 10 % at 650 mV and 150 °C. 
9. The rate of PGM dissolution decreased with decreasing temperature although 
no difference was observed between 140 ° and 150 °C.  In an attempt to 
satisfy the arbitrarily set PGM dissolution limits (Ru < 5 %, Rh < 2.5 %), 
leaching to redox 600 mV was permissible at 120 °C; to 550 mV at 130 °C and 
to 500 mV at 140 °C / 150 °C. 
10. The rate of redox change was critical in the redox range 450-550 mV and to 
slow down the kinetics enough to ensure accurate control when leaching at 
150 °C, the pressure was adjusted to 690 kPa and air flow to 1.42 m3/min 50 
mV prior to reaching the stop potential. 
11. The rate of redox change in the critical redox range 450-550 mV increased 
rapidly with a decreasing sulphur content in ALR and utmost care has to be 
exercised in the leaching low sulphur ALR (S < 8 %) to prevent over-leaching. 
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3 THEORY 
 
As previously stated, the focus of this study is limited to the tertiary pressure leach, 
where significant PGM losses are experienced on the plant due to solubilisation.  The 
following discussion will therefore involve this part of the circuit and no further 
discussion will encompass any previous leaching stages or operations. 
  
The overall leaching process in terms of the base metal components, ignoring the 
iron precipitation can be divided into 5 distinct phases that are characterised by their 
specific chemical reactions. These progress and may be classified into particular 
redox potential ranges. 
 
Phase One – Remainder of Alloy Leach; Redox potential 150-300 mV : 
Constitutes reactions that take place at the start of the tertiary leach due in part to 
unleached alloy originating from the primary pressure leach.  This usually starts to 
happen immediately after the vessel is pressurised and proceeds until the redox 
reaches ~250 mV. 
 
The major reactions during this phase can be divided into three parts  : 
1) Base metal dissolution from the rims surrounding alloy plates 
2) Oxidation of haezlewoodite (Ni3S2 ) to millerite (NiS) 
3) Dissolution of metallic copper  
 
Ni3S2 + 2H+ + 1/2O2              2NiS + Ni2+ + H2O   [3.1] 
 
Ni3S2 + 2Cu2+               Cu2S + NiS + 2Ni2+   [3.2] 
 
NiS + 2O2              NiSO4     [3.3] 
 
FeS + 2O2               FeSO4     [3.4] 
 
These reactions usually commence during the late heat-up period and they generally 
cause an initial decrease in the redox until they have almost reached completion, 
whereby the redox then starts to increase.  
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The dissolution of metallic copper and copper sulphide oxidation proceeds with the 
production of elemental sulphur according to the reactions : 
 
Cu0 + H2SO4 + 1/2O2              CuSO4 + H2O   [3.5] 
 
CuS + H2SO4 + 1/2O2              CuSO4 + S + H2O  [3.6] 
 
Dissolution of copper rapidly proceeds immediately after the PV is pressurised and a 
large quantity (40-60 %) of copper is extracted at temperatures as low as 100 °C 
during the heat-up period.  The presence of fine metallic copper particles (probably 
oxidised to CuO) would naturally explain such reactivity, however, their content is 
estimated at a maximum of 15 % of the total copper in the ALR. 
 
However, a number of observations have implicated the possibility of reaction [3.6] : 
The dissolution of copper, substantially exceeds the estimated quantity of metallic 
copper, without any sulphur extraction. 
The sulphur behaviour also indicates late sulphur extraction (> 550 mV) without any 
metal dissolution thus implicating the presence of elemental sulphur. 
Thermodynamic considerations : low temperature (< 130 °C) and high acidity 
(> 50 g/l) would favour oxidation of sulphidic sulphur to elemental sulphur. 
 
The majority of the acid is consumed during this period and any soluble PGMs that 
enter the system are efficiently precipitated as metals provided the available acid 
levels do not decrease below 10 g/l as this influences the amount of iron that 
precipitates.  Generally, assuming the free acid levels are suitable and the supply of 
oxygen is maintained, the alloy dissolution reactions are extremely rapid.  The Cu 
ions that are leached into solution re-precipitate during reaction [3.2] as they are 
required to drive the reaction to favour the formation of millerite (NiS).   A very small 
portion of this material undergoes these reactions as they have in theory been 
completed in the primary pressure leach.  However, in some cases, it is evident on 
the plant that the primary pressure leach is not carried out to final completion. 
 
The actual mechanism of PGM dissolution and re-precipitation during the alloy leach 
phase is obscure, but interpretation of experimental data has provided evidence to 
suggest a certain hypothesis namely : 
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Part of the PGM’s (particularly the Rh, Ru and Pd that precipitate during the eutectoid 
and post-eutectoid phase of slow cooling) is present as a solid solution in the alloy 
phase, and is subsequently dissolved during the alloy dissolution.  A large quantity of 
base metal alloy, present in the initial stage of the leach, acts as a cementation 
agent, or nascent hydrogen formed by the reaction of the alloy with sulphuric acid 
reduces the PGM to metals on the interface of the solid particles.  PGM dissolution 
and re-precipitation proceeds at the same time thereby maintaining a certain 
equilibrium PGM concentration in solution.  When the initial phase of the leach 
operation is conducted under a high acid concentration (>100 g/l) a very low redox 
potential is maintained (< 200 mV), which advances the direct re-precipitation 
reactions, resulting in very low PGM equilibrium values (< 10 mg/l).  In addition, a low 
acid concentration (< 5 g/l) causes the precipitation of ferric hydroxide which 
physically co-precipitates (adsorb) PGM ions, again resulting in low or moderate 
PGM concentrations (10-30 mg/l). 
As the leach progresses and additional acid is added, the amount of base metal alloy 
is substantially reduced, the redox potential usually rises above 200 mV, and the 
cementation or re-precipitation reactions are depressed.  The higher acid 
concentrations (30-70 g/l) is as a consequence of reduced overall dissolution rates at 
equal acid addition rates, redissolves the ferric hydroxide, thereby releasing co-
precipitated PGM ions into solution, and possibly finely divided re-precipitated PGM’s 
are also attacked.  This sequence of events results in an increase in PGM 
concentration. 
 
At the end of the second acid addition almost all the alloy is dissolved and the redox 
potential rises sharply from the 200-250 mV to 350-370 mV.  Prior to a redox rise, 
reactions [3.1] and [3.2] are the driving forces until the system reaches and exceeds 
a redox value of 250mV.  At this stage the leach is progressing into the second 
phase. 
 
Phase Two – Copper sulphide decomposition; Redox potential 300 – 350 mV : 
The major reaction in this short interphase is the dissolution of copper sulphide with 
the production of copper monosulphide.   
 
Cu2S + 2H+ + 1/2O2              CuS + Cu2+ + H2O   [3.7] 
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Experimental data has clearly demonstrated the mechanism of copper sulphide 
dissolution : 
At a high initial acidity : copper extraction (45 %) in the absence of sulphur extraction 
is evident during the initial phase of the leach, and a late sulphur oxidation phase is 
observed. 
At a low initial acidity : the absence of copper extraction during the initial phase is 
evident, while copper sulphide dissolution actually commences only after complete 
dissolution of the nickel and iron sulphides. 
 
Whatever acid remains after the alloy leach phase, it is consumed during this 
conversion period.  Any soluble PGMs entering this phase is precipitated as 
sulphides, provided that moderate acid concentration levels prevail at the start of this 
stage, (approximately 30 g/l H2SO4).  When the ruthenium, rhodium and palladium 
are precipitated, this is usually accompanied by a rise in the redox potential.  Since 
the acidity level is maintained above 30 g/l, no iron precipitation is expected, 
therefore excluding any possibility of PGM co-precipitation. 
 
A general theory of PGM precipitation may be associated with the formation of 
elemental sulphur.  It forms an intermediate product which electrochemically is 
reduced to sulphide ions that is responsible for precipitating the PGMs in the form of 
sulphides. 
 
CuS or NiS + 2e-               Cu2+ or Ni2+ + S2-    [3.8] 
 
Ru2+ + S2-               RuS      [3.9] 
 
The oxidation of CuS to elemental sulphur [3.6] occurs at potentials below 350 mV 
(27)
.  The pH-redox diagram for the S-H2O system shows that with an increase in 
redox potential, the region of sulphur stability moves to the lower pH range, i.e. the 
higher the redox, the higher the acidity necessary to form elemental sulphur as an 
intermediate product.  So at temperatures of 140 °C and greater, the direct oxidation 
of the sulphide to sulphate ion is favoured.  However, whilst at 130 °C and lower, the 
formation of elemental sulphur significantly competes with direct oxidation.  Thus in 
practice, it is observed that the higher the acidity and the lower the temperature at the 
end of the second acid addition, the better the efficiency of PGM re-precipitation. 
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The excess acid is consumed by the dissolution of Cu2S and results in a decrease in 
the acidity to 5-20 g/l.  The temperature of 150 °C favours the direct oxidation of 
sulphides to sulphates as follows : 
 
CuS + 2O2                 CuSO4     [3.10] 
NiS + 2O2               NiSO4     [3.11] 
 
Due to the low acidity and high temperature, iron precipitation commences and, 
depending on the level of minimum acidity, jarosite or hematite is predominantly 
formed.  The iron precipitation reactions release fresh acid which is then made 
available for further leaching of previously unreacted Cu2S or alloy or, in the case of 
sufficient initial acid, the released acid remains unreacted and the acidity increases.  
The redox potential slowly rises to 450-460 mV, the slope of this increase and the 
duration of the sulphide leach phase depends on the acidity and the iron 
concentration in solution. 
 
Phase Three – Monosulphide conversion to sulphates; Redox potential 320 - 
450 mV : 
This constitutes reactions that are characterised by oxidation of NiS and CuS to their 
corresponding sulphates.  These reactions are generally the slowest of all leaching 
reactions and the amount of copper sulphide (which is proportional to the sulphur 
content of ALR) will basically determine the duration of the redox controlled leach.  
This occurs within a redox range of ~320 mV - ~430 mV and once the potential 
reaches 500 mV, no additional copper will leach. 
 
NiS + 2O2              Ni2+ + SO42-    [3.12] 
 
CuS + 2O2               Cu2+ + SO42-    [3.13] 
 
No acid is required for the base metal dissolution but the kinetics of oxidation is 
dependant on the acid concentration.  Copper sulphide oxidation increases with 
increasing acidity particularly above an acid concentration of 15-20 g/l.  If the pH of 
the solution increases above 2, these reactions will cease.  The oxidation rate is also 
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affected by temperature, any value greater than 140 °C will result in appreciable 
rates. 
 
The copper sulphide may react in two ways : 
 
CuS + 2H2SO4              CuSO4 + 2H2O + SO2 + S  [3.14] 
 
CuS + 4H2SO4                CuSO4 + 4H2O +4SO2  [3.15] 
 
It is unknown at this stage what determines the preference of reaction [3.15] over 
[3.14] except if there is a large excess of sulphuric acid present.  Obviously a 
sulphuric acid depleted system will react with a bias towards [3.14].  The leaching 
rate appears to be entirely dependent on kinetics of copper sulphide oxidation. 
 
The down side of this phase is that PGMs (mainly rhodium and ruthenium) slowly 
solubilised and as the slurry redox increases, this rate of PGM solubilisation also 
increases.  
The changes in PGM concentrations in this phase appear to be specific to ruthenium 
and rhodium.  There is no nett increase in the ruthenium concentration despite the 
fact that this period lasts for 3½ -5 hours.  However, rhodium concentration slowly 
increases as the duration of the sulphide leach phase increases.  Generally, the 
small changes apparent in the ruthenium and rhodium concentration profiles are 
probably due to two opposite processes : 
1) A reduced PGM dissolution rate due to low iron concentration 
2) A reduced PGM concentration in solution due to co-precipitation with iron species.   
 
Both reactions probably maintain an equilibrium concentration between the dissolved 
PGMs and the co-precipitated PGMs. 
At the end of the sulphide leach phase (redox 450-460 mV) the iron precipitation is 
almost complete, the iron concentration in solution is dependent on the terminal 
acidity. 
 
Phase Four – Terminal Phase; Redox potential 450 – 550 mV : 
The final phase usually occurs within a redox range of ~430 mV to ~550 mV.  This 
stage of the leach marks the dissolution of the remaining sulphides and further attack 
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on alloy particles in order to achieve the desired PGM enrichment.  However, the rate 
of PGM dissolution increases very rapidly with the increase in redox potential.  In 
addition to the rhodium and ruthenium dissolution, palladium is also solubilised in 
significant quantities.  This can result in the concentration of total PGMs in the tertiary 
leach liquor reaching values as large as 2 g/l.  It is not known whether the dissolved 
PGMs are solubilised from previously precipitated metals or if they are as a result of 
further attack on the alloy cores at the higher redox potentials, or a combination of 
both scenarios. 
The redox range of 450-470 mV appears to be critical for rhodium dissolution.  Above 
a redox of 460 mV usually more than 95 % of the sulphides have already been 
leached; the remaining Fe2+ in the absence of a reducing agent is rapidly oxidised to 
Fe3+ which results in a sudden potential jump to 490-520 mV.  When the leach is 
carried out to potentials higher than 470 mV, the rhodium dissolution rate 
quantitatively exceeds that of ruthenium. 
The leaching of the reactive solids is practically completed at a redox potential of 
~460 mV; so any benefit gained from further leaching is overwhelmingly impaired by 
the high PGM dissolution (10 mg/l Ru = 3-4 % dissolution, 10 mg/l Rh = 5-6 % 
dissolution). 
 
Phase Five – Terminal Phase; Redox potential > 550 mV : 
The over-leach phase is characterised by the absence of base metal dissolution 
despite a prolonged attack (over 2 hours) on the residue by a moderate 
concentration of acid, at potentials > 600 mV.  Ruthenium and rhodium dissolution, 
however, continues at a rate initiated during the alloy attack phase.  The redox 
rapidly reaches 600-620 mV, this is followed by a slow increase to 650-660 mV.  
Palladium dissolution commences at 570-600 mV reaching values of up to 600 mg/l 
within 30-60 minutes of the start of dissolution.  At 650 mV up to 25 % of ruthenium 
and rhodium and 10 % of palladium may be solubilised. 
 
Elemental sulphur appears to be the only element other than the PGMs extracted 
during this period.  If however, the leach is conducted at a low initial acidity, thereby 
suppressing elemental sulphur formation during the initial phase, then the leach is 
characterised by the virtual absence of a late sulphur oxidation phase. 
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There is very little knowledge in the public domain concerning the precious metal 
reactions in a complex system such as the feed material (ALR) that is presented to 
the tertiary leach.  To appreciate the complexity of the ALR material, one can look at 
the total number of base metal and PGM bearing mineral phases which amounts to 
18.  The various minerals are distinguished from each other by their unique chemical 
composition.  A phase that contains any kind of precious metal is defined by the 
mineralogists’ as a precious group element (PGE) mineral phase.  In this particular 
ALR material, there is no fewer than 20 different PGE mineral phases present before 
undergoing the final batch pressure leach.  The full comprehensive mineralogical 
details are given in Appendix D. 
 
Essentially during the tertiary leach the majority of the base metal sulphides are 
removed by conversion to sulphates, which renders them soluble in the leaching 
medium.  In doing so, the PGM content is enriched, however, during the leaching 
process the PGMs themselves also move through various states and phases as the 
base metals are removed from the rims and phases.  The leach conditions are 
extremely oxidising but the ALR material is very reducing, and this is visible by the 
low redox levels recorded at the outset of the leach (~300mV). 
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4 EXPERIMENTAL 
 
4.1 PLANT MATERIAL  
 
A 10 kilogram representative pressure leach feed sample, namely, ALR was obtained 
directly from the RBMR operations in a bulk amount so that all the test work is 
conducted on the same starting material, thus eliminating any feed material 
variations.   
 
The ALR received has a moisture content of 26.7%, as a result it is necessary to 
carry out an air drying stage prior to the preparation of the feed material.  Once this is 
complete, the material is mixed and split in an approved manner into representative 
portions using a Spinning Riffler splitter.  A standard deviation of greater than 2.00% 
is not accepted during the splitting process and if and when this occurs, the material 
is returned back to the mixer and the process is started from the beginning again.  
The results of each split are shown in Appendix A.  The entire amount of material is 
processed in this way and one portion is submitted for chemical analysis, another for 
mineralogical evaluation and a third portion is used to carry out a particle size 
analysis.  The remainder is used for all the subsequent test work.  This provides a 
detailed evaluation of the pressure leach feed material. 
 
Each time a tertiary leach run is carried out a separate feed sample (starting material) 
is submitted for full chemical analysis together with the original head sample.  The 
objective is to have several samples of the same material analysed and to use these 
as quality control standards for the ALR feed.  
 
4.2 EXPERIMENTAL APPARATUS – THE PRESSURE VESSEL  
 
The pressure leach is performed in a 2 litre experimental autoclave, the body of 
which is constructed of 316 stainless steel.  The agitator, baffles, heating coil and 
sampling tube within the autoclave are all made from the same material.    Solution is 
withdrawn from the reactor via a PFA tube attached to a Swagelock needle valve to 
regulate the volumes withdrawn.  The temperature within the autoclave is controlled 
and maintained by an oil bath and measured by a thermocouple that is connected to 
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a digital readout device.  The pressure is maintained by regulating the oxygen 
pressure on the autoclave and by adjusting the oxygen ventilation rate so that the 
desired oxygen flow through the vessel is achieved.  The pressure vessel is retro 
fitted with a glass lined stainless steel burette to allow for the addition of solutions 
under pressure.  The maximum operating pressure for the burette is 15 bar and 
whenever the experiment requires reagent addition, the burette is calibrated with the 
relevant solution.  The bench scale pressure vessel set-up and digital display is 
shown in Figures 4.2.1 and 4.2.2 respectively.  
 
 
 
Figure 4.2.1 Bench scale pressure vessel set-up 
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Figure 4.2.2 Pressure vessel digital display units 
 
4.3 REAGENTS 
 
The suppliers and grades of all the reagents used are given in Table 4.3.1.  The 
sulphuric acid (50-80g/l) is employed as the leaching medium.  Oxygen gas is used 
to provide the desired pressure and the oxidising environment.  Nitrogen gas is used 
to detect any leaks during pressure testing, and it is used in one experiment in place 
of the oxygen gas.   
 
Table 4.3.1 Suppliers and grades of the reagents used 
 
Chemical Formula Supplier Grade 
Ferric Sulphate Fe2(SO4)3 Minema Chemically Pure 
Sulphuric Acid H2SO4 Saarchem UNIV AR 
Oxygen Gas O2 Afrox Instrument Grade 
(99.5%) 
Nitrogen Gas N2 Afrox Instrument Grade 
(99.99%) 
Silver Powder Ag Aldrich Fine Powder 
Palladium Sponge Pd Anglo Platinum 99.999% 
Rhodium Chloride 
Solution 
Mixture of [RhCl6]3- and 
[RhCl5(H2O)]2- 
Anglo Platinum ------------- 
Ruthenium Chloride RuCl6 Anglo Platinum ------------- 
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4.4 EXPERIMENTAL PROCEDURE 
 
During the experimental test work, parameters like temperature, pressure, time, 
reduction-oxidation potential (redox) and pH are recorded, while percentage 
concentration of species are determined after each trial using the analytical facilities 
available.  Full mass balances of the desired elements are calculated for each run 
where necessary, to determined and ensure accurate accountability and provide 
confidence in the analyses. 
 
Multiple runs have been executed, the various runs are terminated at specific stages 
depending on the objectives for each run.  However, the experimental procedure 
carried out is the same for each test except it is followed up until the desired point at 
which the experiment is to end.  This could be anywhere between half way and an 
overshoot of the endpoint.  The required volume of water for each experiment is 
added to the pressure reactor before the unit is sealed and pressurised with nitrogen 
gas to confirm the absence of any leaks.  The reactor is de-pressurised and the 
stirrer motor switched on.  An accurate amount of composite ALR material is weighed 
out and transferred to the pressure reactor, a specific solid:liquid ratio (1:5, 1:10 and 
1:12) is used and the required amount of concentrated H2SO4 is added slowly and 
carefully to the reactor contents.  The amount of H2SO4 added depends on the 
required acid concentration of the leach solution.  This range could vary from 50, 60, 
75 or 80 g/l H2SO4, while the working volume of the vessel will not exceed 1500 ml.  
The pressure leach is carried out at 10 bar using oxygen gas as the pressurising 
source, a temperature of 150 °C, and the contents are sampled at regular intervals.  
Once a redox of 430 mV has been measured, samples are taken at 15 minute 
intervals.  When a redox of 560 mV is measured, the heating source is removed and 
the supply of oxygen terminated.  Once the reactor temperature has decreased to 
below 100 °C, it is de-pressurised and carefully opened to transfer the slurry to a 
filtration system.  The slurry is filtered on a Millipore filtration apparatus using a 0.45 
micron filter paper.  The solid is washed with copious amounts of water and then air 
dried at 50 °C and accurately weighed while the solution is equilibrated to room 
temperature before the volume is measured and recorded. 
 
The solid products and leach liquors are analysed for Pt, Pd, Au, Rh, Ir, Ru, Cu, Ni, 
Fe, Co and S.  In addition to this, the solutions are titrated to determine the acidity 
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and the pressure leach residue is submitted to the Mineralogical Department for 
mineralogical evaluation. 
 
Each experimental logsheet with all the details of the conditions employed is given in 
Appendix B, while the relevant mass balance data for the various tests is provided in 
Appendix C.   
 
 
4.5 ANALYTICAL PROCEDURE 
 
Various analytical techniques such as inductively coupled plasma (ICP), atomic 
absorption spectroscopy (AA), inductively coupled plasma with mass spectroscopy 
(ICP-MS),  X-Ray fluorescence (XRF), X-Ray diffraction (XRD), X-Ray spectroscopy 
(XPS) and autotitration are utilised as and when required. 
 
All solid samples are submitted to the Analytical Department at Anglo Research 
Laboratory for ICP and ICP-MS analysis.  The liquid samples are all diluted with 6N 
hydrochloric acid to the relevant concentration ranges prior to chemical analysis.  
These are analysed by ICP in the Refining Research Department at Anglo Research 
Laboratory. 
 
The ability to have a quick turnaround time for the analysis of the leach liquors is 
critical in the decision making of which parameters under investigation are relevant 
and to determine the next direction the research is to follow.  An analytical method 
has been developed using a Varian ICP to determine the content of the leach liquors 
generated by the various tertiary leach tests.  The method takes into account any 
inter-element interferences that are experienced when analysing low concentrations 
of precious metals in the presence of high base metal concentrations.  The 
interferences are corrected for and the results are available within 24 hours of 
completing the pressure leach.  This method is used to determine trends and 
whenever a batch of samples is analysed, identical solutions of approximately known 
concentration are included to confirm reproducibility.  These are referred to as quality 
control standards.  The PGM concentrations in the leach solutions are confirmed by 
analysis on ICP-MS.  The results obtained from both techniques compare favourably 
with each other, providing confidence in the inter-element correction programme.   
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During the leach, several samples are taken over the full time period of the leach.  
They are analysed for : 
 
• Base metal and precious metal concentrations in the solution and the solid. 
• Concentration of H2SO4 by means of an acidity titration using NaOH 
• Redox measurements of the slurry immediately after sampling and then again 
of the filtrate after filtration and equilibration to room temperature 
 
A mass balance spreadsheet is set-up using Excel to document all experimental data 
and allow for the calculation of and data generation of the following parameters: 
 
• Precious metal accountabilities across the overall process, i.e. Pt, Pd, Au, Rh, 
Ir and Ru 
• Redox potential profiles 
• Deportment of precious metals to the leach liquors, i.e. in mass values 
• Cumulative deportment of precious metals to the leach liquors, i.e. in 
percentage values. 
 
 
4.6 MINERALOGICAL ANALYSIS 
 
For qualitative evaluation, optical microscopy and scanning electron microscopy has 
been utilised.  Scanning electron microscopy (QemSCAN) is used to provide 
quantitative compositional evaluation of the solids, this technique has the ability to 
map minerals and elements.  The mineralogical evaluation is intended to focus on 
changes in the mineralogical compositions and phases as one phase or mineral 
disappears and another forms. 
 
Each of the residue samples is split into two representative portions.  One portion is 
analysed using X-ray diffraction (XRD) and the other is used to prepare polished 
sections in accordance with the standard residue polishing procedure.  XRD is ideally 
used in conjunction with other techniques as the amorphous nature of many of the 
phases in a leached residue results in poorly defined diffractograms.  The detection 
limit of the XRD technique is approximately 2% by volume of sample.  The polished 
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sections of each sample are analysed by reflected light optical microscopy.  This is 
also used to confirm the presence of the phases identified by XRD. 
 
Mineral liberation analyser (MLA) image analysis is another technique employed to 
identify and determine the modal abundance (volume percent) of phases present in 
the polished section.  The compositionally distinct phases observed are grouped into 
distinct ‘key-files’ that are specifically allocated and serve as reference files for the 
entire investigation.  The ‘key-file’ minerals, their specific gravities and their Cu, Ni, 
Fe, Co and S compositions are listed in Appendix D. 
 
The mineralogical data obtained from the MLA is quantified in volume percentages 
and using the specific gravity of each mineral phase, where available, these are 
converted into mass percentages.  The majority of the phases identified have 
theoretical compositions with well documented specific gravity values.  However, 
some of the specific gravities of the precious metal associated polysulphide/sulphate 
phases, have not yet been established, these are inferred using specific gravity 
values of phases they most closely resembled. 
The mass percentage values are compared with the chemical analyses in order to 
validate the mineralogical results.  This indicates whether the MLA technology can be 
used as a valid method for illustrating trends across the leaching circuit.   
 
 
4.7 SURFACE STUDIES 
 
In an attempt to define the reaction mechanisms and products from the tertiary leach 
in more detail, it is necessary to investigate the possibility of surface studies.  It will 
be difficult to determine the mechanisms from the contents of the leach liquors 
alone. Hence the need to speciate the solid products and their surface forms during 
the leach process to understand more fully the mechanisms being followed. In 
particular, it is necessary to attempt to characterise these materials to determine 
whether if any surface or colloidal products are being formed or will precipitate out of 
solution. 
 
The objective of studying the surface is to add information regarding the surface 
species presenting to the solution during the process since these species will 
determine the reaction process at the solid/solution interface. 
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4.7.1 Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 
 
ToF-SIMS analysis is a well established technique used to determine the presence of 
atomic / molecular species on the surface of samples (various leach products). 
 
If one had to explain the concept of ToF-SIMS in a very simplistic way it may be 
stated that the surface of a sample gets bombarded with a pulsed ion beam, which 
causes the atomic and molecular secondary ions to become displaced.  The term 
“secondary ions” is used to differentiate between the two types of bombarding ions, 
namely primary and secondary bombarding ions.  A portion of the secondary ions is 
charged and can therefore be extracted by an electric field, thus causing an 
accelerating effect, resulting in various ions reaching the mass spectrometer at a 
range of specific kinetic energies.  The lighter ions have higher velocities than the 
heavier ions and will therefore reach the detector first.  The mass separation is 
determined by the flight time for the ion as it leaves the surface to when it arrives at 
the detector.  The mass spectra are recorded by measuring the time difference 
between pulsing the primary ion gun and the arrival of secondary ions at the detector.  
This explanation has only dealt with a very basic approach to the concept of ToF-
SIMS, it has not detailed any complex sequence of collisions that will result as a 
consequence of atoms colliding with each other.  ToF-SIMS is considered to be 
accurate in observing reactions taking place at the surface and a mono layer below.           
 
It must be noted that the ToF-SIMS values are relative and not absolute.  The 
intensities obtained are normalized for the elements of interest and presented as a 
relative percentage surface coverage. 
 
4.7.2 X-Ray Photoelectron Spectroscopy (XPS) 
 
X ray photoelectron spectroscopy (XPS) is a surface sensitive technique, capable of 
analysing the first few molecular layers of the mineral surface.  It is used for more 
than two decades in a variety of studies related to the mechanisms of oxidation and 
adsorption in sulfide mineral reactions and metals recovery by flotation and leaching 
[e.g. 1,2].  The significance of this technique is that it may provide not only a 
compositional analysis of the surface but also information on different chemical states 
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(e.g. oxidation, bonding) of the same element. The recorded binding energy (BE) of 
the photoelectron defines the element from which it is ejected (by the X ray), the 
specific energy level in that element (e.g. C 1s, S 2p) and the shift in that BE caused 
by the ionic charge and bonding of that element to its nearest neighbours. Hence, 
surface chemical changes corresponding to changes in process conditions can be 
followed. 
 
The samples are mounted on a cold stage cooled below –120 °C before introduction 
to the analysis chamber. This is done to preserve any elemental S that is volatile in a 
vacuum at room temperature. 
 
Each sample is examined in two modes. A survey spectrum is recorded across the 
binding energy range from 0 to 1100 eV. This spectrum is used to quantify the 
percentage of each element in the surface layers by fitting a background to the 
elemental peaks selected.  The peak area is established and these areas are 
normalised to the sensitivity of that peak, the corrected intensities are ratioed to 
100% and these values are tabulated in each survey spectrum. 
 
The second mode used is a high resolution scan of selected peaks for each element 
detected in the surface layers. This is used to measure the BE shifts due to ionicity 
(oxidation state) and bonding. In many cases, more than one oxidation state is 
detected requiring curve fitting to resolve the main chemical states.  
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5 RESULTS 
 
The commissioning and modification to the bench scale pressure reactor is a lengthy 
process with numerous problems associated with – 
• Selection of the correct cover plate seals 
• Prevention of heating supply interruptions due to oil degradation (thus causing 
subsequent flowing problems) 
• Sealing of the burette for addition of reagents at high pressure / temperature 
• Manufacture / installation of baffles to afford efficient solid/liquid agitation 
When the satisfactory operation is achieved several tests using different solid:liqid 
ratios, leachate concentrations and leach times are conducted as per details 
provided in Table 5.1. 
 
Table 5.1 Various experimental tests 
 
Run # Temperature / 
Pressure 
Solid : 
Liquid 
[H2SO4] 
of 
Leachate 
(g/l) 
Addition of 
Intermediate 
Acid 50g/l 
Other Reagent 
Addition 
Leach Complete or 
Terminated at a 
Specific point 
1 150 °C / 10 Bar 1 : 5 50 No _ Completed 
2 150 °C / 10 Bar 1 :12 60 Yes _ Completed 
3 150 °C / 10 Bar 1 :12 60 No _ Terminated 
4 150 °C / 10 Bar 1 :12 80 Yes _ Completed 
5 150 °C / 10 Bar 1 :12 60 Yes Fe2(SO4)3 Soln Terminated 
6 150 °C / 10 Bar 1 :12 60 Yes Fe2(SO4)3 Soln Completed 
7 150 °C / 10 Bar 1 :12 60 No Fe2(SO4)3 Solid Terminated 
8 150 °C / 10 Bar 1 :12 60 No Pd Sponge Completed 
9 150 °C / 10 Bar 1 :12 60 No Ag Powder Completed 
10 150 °C / 10 Bar 1 :17 60 Yes _ Completed 
11 150 °C / 10 Bar 1 : 17 60 Yes Soluble Rh, Ru Terminated 
 
This chapter will encompass the results and observations from each experiment, the 
interpretation of the results and subsequent hypothesis of mechanism will be 
discussed in detail in the subsequent chapter, Chapter 6.  
 
5.1 PLANT MATERIAL – ATMOSPHERIC LEACH RESIDUE (ALR) 
Approximately 10 kilograms of ALR is received from the MC Plant for the necessary 
test work.  A full chemical analysis of the head sample shows the major base metal 
constituents to be copper, sulphur and nickel, the concentrations of these and other 
 76 
pertinent elements is shown in Table 5.1.1, a full compositional analysis of 27 
elements is provided in Appendix E. 
 
Table 5.1.1 Concentration of metals in the head sample of ALR. 
 
 
  
A full mineralogical evaluation of the head is conducted using quantitative electron 
microscopy (QEMSEM) and mineral liberation analyzer (MLA) techniques.  This 
evaluation focuses on the mineralogical compositions and phases of elements in 
relation to each other.  The subsequent evaluations of different materials produced 
throughout the leach are aimed at identifying which minerals / phases disappear and 
form due to the conditions.  The bulk modal abundance (volume percent) of all 
compositionally distinct phases is determined by MLA analysis.  Results are listed in 
Table 5.1.2, the compositions of the various phases determined by energy dispersive 
X-ray analysis (SEM-EDX) analysis technique on a scanning electron microscope is 
summarised in Table 5.1.3.  The compositions are averages that are calculated from 
numerous individual SEM/EDS analyses.  The detection limit of this technique is ~0.3 
% by mass. 
 
A total of 29 key files are identified and used when analysing by MLA, however, some 
of these files are grouped together to simplify and make an extremely complex 
system more understandable without compromising the allocations.  The full 
comprehensive details of all the key files are provided in Appendix D, but the 
shortened version (Table 5.1.2) is used for the purpose of explanation and 
Element Unit ALR 
Pt % 6.40 
Pd % 4.68 
Au % 0.36 
Rh % 1.18 
Ru % 1.76 
Ir % 0.30 
Cu % 37.40 
Ni % 14.40 
Fe % 1.93 
Co % 0.18 
S % 18.50 
SO42- % 1.860 
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discussion.  The allocation of key files are divided into 5 main categories which is 
indicated in the Table below.  Basically the 5 groups are designated according to 
their compositions and these are as follows : 
1. Base Metals 
2. PGE Base Metal Sulphoxides where Pd concentration is much greater than 
Rh and Ru 
3. PGE Sulphoxides where Pd concentration is much greater than Rh and Ru 
4. PGE oxides which is further divided into 3 different groups – 
a. Pd oxide 
b. PdRhRu oxide 
c. Ru oxide 
5. Alloy 
 
Table 5.1.2 Modal abundance of compositionally distinct phases in ALR. 
 
Mineral Volume % Description of Category 
Total refractory 0.6          Refractory 
CuS 30.3  
Pentlandite 0.3  
NiCu Sulphide 13.2            
Leached NiCu BMS 0.5           
Fletcherite 5.4          Base Metal Sulphides 
CuFe Sulphide 17.6  
Total BMS 67.3  
Base Metal Sulphates 1.6  
Total Pd Rich BMSulphoxides 18.5           PGE BM Sulphoxides 
Total Pd Rich Sulphoxides no BM 0.2           PGE Sulphoxides 
Pd oxide – type 1 (fine grained) 1.2  
Pd oxide – type 2 (fine grained) 0           PGE Oxides 
Total Pd oxide compact  1.2            - Pd oxide fine grain 
PGE (PdRhRu)oxide compact 2.2            - Pd oxide compact 
Total Ru oxide compact 0.5            - PdRhRu oxide compact  
Total PGE oxide compact 3.9            - Ru oxide compact 
Pt Core 3.2  
PtPd Rim 3.4            Alloy 
Total Alloy 6.6  
Other Alloy 0.6  
Grand Total 100.5  
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The results of the chemical and mineralogical compositions shows the complexity of 
this material, which has already been exposed to several leaches. 
 
5.2 TERTIARY LEACH RUN 1 
 
A series of experiments are carried out to simulate the MC Plant tertiary leach 
conditions, to establish the order and sequence of precious metal solubilisation and 
to determine whether the results obtained are reproducible. 
The results indicate that : 
• PGM solubilisation starts before the redox reaches 600 mV and the precious 
metal components significantly affected are palladium, rhodium and ruthenium 
• Concentration of solubilised PGMs after exceeding 600 mV redox increases 
more significantly for rhodium, then ruthenium and to a much lesser degree, 
palladium 
• Platinum, iridium and gold are not significantly affected and remain in the solid 
phase throughout the leach 
 
The log sheet providing all the conditions and recorded measurements during the 
leach is given in Appendix B, while a full mass balance of 10 elements can be viewed 
in Appendix C.  
Figure 5.2.1 and 5.2.2 shows the PGM and base metal concentrations respectively in 
the leach liquor as the leach progresses to completion.  It is possible to show the 
PGM solubilisation and as previously mentioned the soluble palladium, rhodium and 
ruthenium is already observed at the 2 hour leaching interval, this corresponds to a 
slurry redox of 427 mV.  After leaching for 3 hours, the redox is 635 mV which is 
already exceeding the plant end-point of the leach (>550 mV).  The amount of PGMs 
seen in solution is increasing and becoming more significant as the redox continues 
to increase.  The final slurry redox reaches 677 mV before the experiment is stopped 
and the soluble concentration of rhodium, ruthenium and palladium is measured as a 
percentage of the head and is found to be 26 %, 7 % and 1 % respectively, thus 
confirming the trends observed on the plant.  The corresponding redox profile is 
illustrated in Figure 5.2.3, indicating that the leach is terminated well past the 550 mV 
measurement that signifies the end-point for the plant operating conditions.  
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Figure 5.2.1  Soluble precious metal concentration profiles for Run 1 
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Figure 5.2.2 Soluble base metal concentration profiles for Run 1 
 
As expected, the base metals start leaching at the outset of the run.  The initial 
amount of soluble sulphur at the beginning of the leach is due to the 50 g/l sulphuric 
acid leaching solution that is added to the pressure vessel with the ALR before 
pressurisation.  The nickel, iron and cobalt leach at a faster rate than copper and 
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after 4 hours of leaching, greater than 90 % is leached while the bulk of the copper 
only starts at this point.  The slope of the copper leaching rate once it starts to 
increase significantly is greater than the other base metals.  
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Figure 5.2.3 Profiles of acidity of leach solution and redox of slurry for Run 1 
 
The summarised mineralogical data is provided in Table 5.2.1 and the full analysis 
with all the details is given in Appendix D. 
 
Table 5.2.1 Modal abundance of compositionally distinct phases for Run 1  
 
Mineral ALR 1 Hour 2 Hour 3 Hour 4 Hour Final 
(41/2 
Hours) 
Refractory 2.2 2.6 6.5 12.0 10.2 8.8 
BMSulphides 66.8 57.1 13.4 0.9 0.1 9.7 
BMSulphates 9.7 0.1 0.0 0.0 0.2 0.8 
PGE BM Sulphoxides 15.1 30.7 32.5 0.7 1.5 6.0 
Pd oxide type 1 1.0 3.5 33.3 56.7 53.6 32.2 
Pd oxide type 2 0.0 0.0 0.1 1.9 2.6 3.9 
Pd oxide (compact) 0.3 0.9 2.2 5.9 9.7 10.7 
PGE oxide (compact) 0.8 1.0 3.2 9.2 10.2 11.5 
Ru oxide (compact 0.2 0.5 2.9 5.0 4.1 5.2 
Pt cores 0.5 0.3 0.6 0.6 0.9 2.8 
Pt rims 1.2 1.6 4.1 5.7 5.5 7.2 
Other alloy 0.1 0.2 0.7 0.8 0.8 0.8 
Unknown 2.1 1.7 0.6 0.6 0.6 0.6 
Total 100.0 100.2 100.1 100.0 100.0 100.2 
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5.3 TERTIARY LEACH RUN 2 
 
Run 2 is carried out under plant conditions but the solid to liquid ratio is altered from 
1:5 (run 1) to 1:12 as problems of incomplete leaching in subsequent runs is 
observed.  It appears that the kinetics of the leach is negatively impacted on by a 
shortage of acid and as a result the redox of the slurry ceases to increase.  It is 
therefore decided to decrease the amount of solid presented to the solution to ensure 
sufficient availability of acid to allow the leach to progress to completion and beyond 
the plant end point.  The original thinking is to have only one up-front acid addition 
during the leach so as to minimise the number of variables.  However, the leaching 
kinetics did not support this and an intermediate acid addition is necessary to 
maintain effective leaching rates. 
 
The acidity and redox profiles for this run are illustrated in Figure 5.3.1.  The point at 
which the additional acid is added is indicated on the graph. It is evident from the 
profile that a very important reaction is occurring from the start of the leach, which 
consumes a significant amount of acid.  Until this reaction is finished, the remaining 
base metal leaching is somewhat inhibited by the lack of available acid to allow and 
ensure complete copper, nickel and iron leaching.  The concentration of the acid at 
the start of the leach is 60 g/l and in 3 hours it has decreased to 9.1 g/l.  The acidity 
levels increase as the base metals start to leach as this reaction results in the 
generation of acid. 
 
The redox of the solution increases from 320 mV to around 450 mV and then 
oscillates around this point until the first large acid consumption has levelled out.  
Once the intermediate acid addition has occurred, the redox responds with a gradual 
increase from 450 to 500 mV over a period of approximately 3 hours.  Thereafter a 
rapid increase is observed with a rise from 500 to reach 700 mV in one hour. 
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Figure 5.3.1 Profiles of acidity of leach solution and redox of slurry for Run 2 
 
After 8 hours of leaching, the redox measures approximately 510 mV, this is 
significant as rhodium and ruthenium begin to solubilise and the concentration of 
these metals in solution continue to increase as the redox increases.  The soluble 
palladium appears to become significant at 641 mV and shows a steep rise but as 
the redox continues to increase and the leach time reaches 10 hours, the palladium 
re-precipitates out of solution and the concentration decreases to almost zero.  When 
the leach is stopped (this is well past the plant end-point), the amounts of rhodium 
and ruthenium in solution are very similar and the concentrations in solution are 
greater than the soluble palladium.  The graphical representation of these soluble 
precious metals is shown in Figure 5.3.2.  The other PGMs, namely, platinum, gold 
and iridium do not show any signs of solubilising to any significant extent as seen in 
Figure 5.3.3. 
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Figure 5.3.2 Soluble rhodium, ruthenium and palladium concentration profiles for 
Run 2 
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Figure 5.3.3 Soluble platinum, iridium and gold concentration profiles for Run 2 
 
The profiles for the leached base metals shown in Figure 5.3.4, indicates that copper 
and nickel start leaching from the outset of the leach and continue to rise at 
significant rates throughout the leach especially after the intermediate acid addition.  
Soluble iron and cobalt are only detected in solution after 4 hours of leaching, which 
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is not be totally unexpected as these two metals are the minority base metals present 
in the ALR material as indicated in Table 5.1.1. 
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Figure 5.3.4 Soluble base metal concentration profiles for Run 2 
 
The profiles of the acidity and soluble sulphur concentration in solution indicated in 
Figure 5.3.5, show some form of relationship between the acid consumption and the 
formation of a sulphur complex that is insoluble and thereby re-precipitates onto the 
surface of the solid.  It is postulated that the significant acid consumption can be 
attributed to the formation of either elemental sulphur or the production of hydrogen 
sulphide or the formation of polysulphides, thereby explaining the decrease in soluble 
sulphur concentration in solution. 
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Figure 5.3.5 Profiles of the sulphuric acid concentration and soluble sulphur 
concentration for Run 2 
 
An experiment is conducted with the sole intention of establishing the reason for the 
huge acid depletion.  A similar leach to that carried out in Run 2 is employed, 
however, once the acid concentration has reached the first minimum level, the 
reaction is stopped, the pressure vessel cooled down and de-pressurised and the 
contents removed and filtered.  The solid is washed and dried and analysed for 
sulphur, sulphate and from these the sulphide is calculated by difference.  These 
results are reported further on in this section as it forms part of the data for Run 3. 
 
The number of moles of copper, nickel and sulphur is calculated from the solution 
analyses as these are the major base metal components that require acid to ensure 
the necessary reactions progress and allow the base metals to leach.  These profiles 
are displayed in Figure 5.3.6 and it is evident from the graph that the moles of copper 
and nickel follow the same trend.  However, the number of moles of copper exceeds 
that of nickel, which is expected considering the content of the two in the ALR.   
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Figure 5.3.6 Profiles of the moles of soluble copper, nickel and sulphur in the leach 
solution for Run 2 
 
The log sheet providing all the conditions and recorded measurements during the 
leach is given in Appendix B, while a full mass balance of 10 elements is provided in 
Appendix C.  
 
The modal abundance of all compositionally distinct phases in the three samples 
submitted for mineralogical evaluation is determined by MLA technique.  
Comprehensive results in terms of volume percent abundances is listed in Appendix 
D, while a more condensed set of results is given in Table 5.3.1.  The samples from 
this run is limited to the ALR feed, an intermediate material sampled at approximately 
51/2 hours and the final product, FIC generated after 11 hours. 
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Table 5.3.1 Modal abundance of compositionally distinct phases for Run 2  
 
Mineral ALR 5 1/2 Hours Final 
(11 Hours) 
Refractory 0.7 1.4 3.2 
BMSulphides 64.7 33.0 2.2 
BMSulphates 4.5 0.4 0.0 
PGE BM Sulphoxides 22.4 38.0 1.2 
Pd oxide type 1 0.3 10.1 14.1 
Pd oxide type 2 0.0 0.2 2.2 
Pd oxide (compact) 0.6 2.8 12.7 
PGE oxide (compact) 0.7 3.4 19.2 
Ru oxide (compact 0.1 1.6 4.6 
Pt cores 2.3 3.3 12.5 
Pt rims 2.4 4.5 25.8 
Other alloy 0.7 0.7 1.5 
Unknown 0.7 0.6 0.9 
Total 100.1 100.0 100.1 
 
 
The reason for the initial decrease in sulphuric acid needs to be investigated further 
to ascertain the type of acid insoluble “sulphur complexes” that is being formed.  This 
can be critical to the acid requirements for the leach and the negative impact it will 
have on the time and effectiveness of the leach.  If insufficient acid is available, base 
metal leaching is incomplete and will cause high base metal deportment to the FIC.  
Initially the possibility of using surface studies to investigate the reactions at the solid 
/ liquid interface will be explored.   The first attempt is made using a technique called 
time of flight secondary ion mass spectroscopy (ToF-SIMS) and the results from the 
study shows that exposure to X ray photoelectron spectroscopy (XPS) can be useful 
in identifying chemical states and surface species.  The results obtained from the 
ToF-SIMS evaluation are discussed in the next section as they form part of the 
tertiary leach Run 3.  However, samples from tertiary leach Run 2 have been 
packaged and sent to Australia for XPS studies that are discussed in more detail. 
 
Several samples taken during the original leach have been sent to the Ian Wark 
Institute for surface study analysis and possible characterisation.  The objective of 
this study is to add information on the surface species presenting to the solution 
 88 
during the process since these species will determine the reaction process at the 
solid / solution interface. 
The XPS data will also assist in attempting to define the reaction mechanisms and 
products from the tertiary leach in more detail.  This is difficult to determine from the 
contents of the leach liquors alone.  It is necessary to speciate the solid products and 
their surface forms during the leach process to more fully understand the 
mechanisms being followed.  In particular, it is necessary to characterise these 
materials to determine any surface or colloidal products being formed that precipitate 
out of solution and in the process decrease the soluble “S” species and consume the 
acid. 
XPS is a surface sensitive technique, capable of analysing the first few molecular 
layers of the mineral surface.  It has been used for more than two decades in a 
variety of studies related to the mechanism of oxidation and adsorption in sulphide 
mineral reactions and metal recovery by flotation and leaching.  The significance of 
this technique is that it can provide not only compositional analysis of the surface but 
also information on different chemical states, which is for example oxidation and 
bonding, of the same element.  The recorded binding energy (BE) of the 
photoelectron defines the element from which it is ejected (by the x-ray), the specific 
energy level in that element and the shift in that BE caused by the ionic charge and 
bonding of that element to its nearest neighbours.  Hence the surface chemical 
changes in the process conditions can be followed. 
 
A total of five samples are submitted for XPS analysis, these comprised the feed 
material (ALR), samples taken at 2 hours, 4 hours, 9 hours and the final leach 
product, FIC.  The sampling points are indicated on Figure 5.3.7 which is the acidity 
curve for this leach. 
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Figure 5.3.7 Graphical representation of the acidity profile and sampling times for 
solids evaluated by XPS analysis for Run 2 
 
The chemical analysis of the ALR feed material used in Run 2, the intermediate 
material (sampled at 5.5 hours) and the final leach product, FIC produced after 11 
hours of leaching is provided in Table 5.3.2.  The degree of base metal removal and 
concentration of precious metals is evident. 
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Table 5.3.2 Analytical Data for solid samples from Run 2 
 
Element Unit ALR Intermediate 
(5.5 Hours) 
FIC 
(11 Hours) 
Pt % 6.40 10.9 33.80 
Pd % 4.68 11.50 17.90 
Au % 0.362 0.832 1.31 
Rh % 1.18 2.71 3.01 
Ru % 1.76 3.97 5.38 
Ir % 0.303 0.439 1.30 
Cu % 37.40 22.60 4.16 
Ni % 14.40 9.33 9.53 
Fe % 1.93 1.19 2.79 
Co % 0.18 0.12 0.10 
Al % 0.17 0.25 0.40 
Cr % 0.082 <0.40 <0.40 
Si % 0.22 <0.55 <0.55 
Ca % 0.031 <0.54 <0.54 
Mg % 0.007 <0.06 <0.06 
Mn % 0.002 <0.02 <0.02 
S % 18.50 17.10 3.10 
SO4 % 1.86 4.19 1.06 
Ag % 0.120 0.239 0.386 
As % 0.525 0.916 0.767 
Bi % 0.057 0.094 0.177 
Pb % 0.447 0.918 1.85 
Sb % 0.059 0.130 0.198 
Se % 0.378 0.785 1.32 
Sn % 0.014 0.028 0.053 
Te % 0.174 0.386 0.537 
Zn % 0.003 0.002 0.003 
 
The full set of XPS spectra is provided in Appendix F.  It should be noted that the 
charge compensation for the C 1S spectra for each sample can be different on each 
surface.  This charge shift is related to the insulating character of the surface layers 
and is indicative of changes in the surface reaction products. A surface covered with 
insulating oxide/hydroxide/sulfate precipitated or reacted species is usually more 
insulating, therefore requiring more charge compensation. This results in shifts of all 
the BEs in the spectrum by the same amount. The C 1s peak is therefore referenced 
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to uncharged hydrocarbon at 284.8 eV and all other spectra for the sample are 
corrected for this shift. 
 
Due to the multi-element nature of these samples, there have also been some 
unavoidable overlaps between different signals from energy levels on different 
elements making attribution of chemical state shifts difficult to assign. These overlaps 
have included: 
• C 1s with Ru 3d5/2 
• Pt 4f7/2 with Cu 3p 
• Pt 4f5/2 with Ru 4s 
• O1s with Pd 3p3/2 
• S 2p with Se 3p 
• S 2s with Se 3s 
• Se 3d with Pd 4p 
Consequences of these overlaps on compositions determined from survey spectra 
are likely to be: 
• Overestimation of %C due to Ru contribution 
• Overestimation of %O due to Pd contribution 
• Overestimation of %S due to Se contribution 
• Overestimation of %Pt due to Cu contribution in first 2 samples 
These overestimates are not likely to be more than 10% in any case and do not 
appear to significantly compromise the reaction trends. 
 
The most serious overlap is in the S 2p spectra where focus on changes in the 
spectral envelope rather than specific BEs have been used to interpret the likely 
changes in chemical speciation. Fortunately, the majority of these changes are larger 
than the overlap interference. 
 
An initial result of importance from the survey spectra of each sample is the absence 
of detectable signals above ~0.01-0.5 % (depending on sensitivity) from the following 
elemental species listed in Table 5.3.2. Hence, Bi, Au, Ir, Sb, Sn, Ag, As, Co, Pb, Zn, 
Cr, Si, Al, Mg is not readily available for reaction in surface layers at any time in the 
leach profile or is removed immediately from the surface to solution.  Te did not 
appear above background in the surface layers until the final product sample. 
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The report issued with the findings of the XPS studies provides in-depth detail on 
each sample with respect to the most critical elements, for simplicity and ease of 
explanation, these are summarised in Table 5.3.3.  The text highlighted in red 
indicates when a significant change is observed.  
 
Table 5.3.3 Summarised results of XPS studies on samples from Run 2 
   
 ALR 2 Hours 4 Hours 9 Hours FIC 
(11 Hours) 
Pt 2 Oxidised species 2 Oxidised species 2 Oxidised 
species 
Pt (II) & Pt (0) Pt(II) & Pt(0) 
increases 
Pd Oxidised Pd(IV) & 
Pd(II) sulphur 
species 
Oxidised Pd(IV) & 
Pd(II) sulphur 
species 
Oxidised Pd(IV) 
& Pd(II) 
species, with 
Pd(II) more 
dominant 
Oxidised Pd(II) 
& intermediate 
Pd(II) – Pd(0) 
Oxidised Pd(II) 
less dominant & 
intermediate 
Pd(II)-Pd(0) 
more dominant 
Rh Oxidised Rh(III) & 
Rh(II) 
Oxidised Rh(III) & 
Rh(II) 
Oxidised Rh(III) 
& Rh(II) 
Oxidised 
Rh(III) less 
Rh(II) & hint of 
Rh(0) 
Oxidised Rh(III) 
& less Rh(II) 
with an increase 
in Rh(0) 
Ru 1 Specie, an 
intermediate 
between Ru(III) & 
Ru(II) 
1 Specie, an 
intermediate 
between Ru(III) & 
Ru(II) 
1 Specie, an 
intermediate 
between Ru(III) 
& Ru(II) 
1 Specie, an 
intermediate 
between 
Ru(III) & Ru(II) 
1 Specie, an 
intermediate 
between Ru(III) 
& Ru(II) 
O 2 Signals, 
hydroxide & 
sulphur-oxy 
Sulphur-
oxy<hydroxide 
species 
Sulphur-
oxy=hydroxide 
species 
Sulphur-
oxy=hydroxide 
species 
Sulphur-
oxy<hydroxide 
species 
Se Not recorded Not recorded Not recorded Significant 
signal for Se(0) 
Se(0) increases 
Te Not recorded Not recorded Not recorded Not recorded Oxidised 
Te(IV)(TeO2 or 
TeO44-) & 
reduced Te(0) 
 
 
5.4 TERTIARY LEACH RUN 3 
 
The use of surface studies to investigate the reactions at the solid / liquid interface is 
initiated by an exploratory investigation using the ToF-SIMS.  An additional 
experiment is conducted (under the conditions employed in tertiary leach Run 2) up 
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to the point where the decrease in acidity has reached a minimum indicating 
maximum acid consumption.  The leach is terminated and the solid is removed from 
the pressure reactor and together with the intermediate samples taken, the materials 
are subjected to ToF-SIMS analysis.  A total of 5 samples have been examined, 
these being : 
• ALR Feed material 
• At the start of the leach once the reactor is pressurised 
• After 1,2 and 3 hours of leaching at 150 °C 
• Terminal sample after 4 hours of leaching 
The solution analysis indicates a correlation between the soluble sulphur and acidity. 
The surface studies on the solids confirm these observed trends. 
The results regarding the copper indicate : 
• The surface coverage of the material with Cu and CuO ions decreases as the 
leach progresses 
• The surface coverage with CuSO4 increases with time thereby indicating the 
precipitation from solution onto the surface of the material 
• The presence of other Cu hydroxyl species is also identified and followed a 
similar trend to that of CuSO4  
The results regarding the nickel and iron indicate : 
• At the start of the leach, Ni and Fe dissolution occurs 
• After 1 and 2 hours, the Ni and Fe surface coverage increases, this can be 
due to preferential leaching of copper 
• After 3 hours, Ni and Fe surface coverage decreases, probably as a result of 
the leaching of these base metals and the increase in precipitation of CuSO4  
The results regarding the sulphur indicate : 
• S, SO2, SO3 and SO4 is observed on the surface of the material 
• The S ions followed the same trends as that observed for CuSO4  
• The higher surface coverage of sulphur may be attributed to the precipitation 
of S and sulphur oyx species 
The three PGM’s, palladium, rhodium and ruthenium are observed at the surface at 
some stage of the leach, this is probably exposure to the surface due to copper 
dissolution.  
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The study shows that exposure to XPS can be useful in identifying chemical states 
and surface species.  The results of the materials evaluated by this technique are 
discussed in detail in the previous section, 5.3, tertiary leach Run 2. 
The mineralogical evaluation of this solid is inconclusive due to the method being 
unable to distinguish sulphides, oxides and sulphates. 
Once again the acidity and soluble sulphur concentration in solution shows an initial 
decrease suggesting precipitation of some kind of sulphur complex, this is graphically 
represented in Figure 5.4.1.  The possibility of forming an insoluble sulphur type 
complex is confirmed by the ToF-SIMS evaluation which shows higher levels of 
sulphur species on the surface of the solids, but it also shows an increase in the 
copper ions. 
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Figure 5.4.1 Profiles of acidity of leach solution and redox of slurry for Run 3 
 
No additional acid is added as the leach is terminated prior to the point at which more 
acid is required, this is confirmed by the fact that the concentration of the base metals 
are still increasing at the time of termination, as displayed in Figure 5.4.2.  Once 
again it is evident that a certain reaction is taking place involving soluble sulphur at 
the start of the leach which consumes a significant amount of acid.  However, the 
decrease in acidity is not as significant as in the previous run. 
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None of the PGM’s shows significant solubilisation during this time period, their are 
only small amounts of ruthenium that is observed, a maximum of 17 mg/l is initially 
observed in solution but as the leach continues, this soluble ruthenium re-precipitates 
out of solution and results in minor amounts of ruthenium in solution, as indicated in 
Figure 5.4.3. 
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Figure 5.4.2 Soluble base metal concentration profiles for Run 3 
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Figure 5.4.3 Soluble precious metal concentration profiles for Run 3 
 
 96 
The log sheet providing all the conditions and recorded measurements during the 
leach is given in Appendix B, while a full mass balance of 10 elements can be viewed 
in Appendix C. 
 
In an attempt to determine how much of the precious metals are in a soluble form, i.e. 
non-metallic form, the ALR feed material and the intermediate product are slurried in 
6M hydrochloric acid for an hour.  The slurry is then filtered and the filtrate analysed 
for PGM’s.  The results displayed in Figure 5.4.4 shows that after being leached for 4 
hours, there is a substantial increase in the amount of precious metal sulphates being 
formed especially with ruthenium, rhodium and palladium. 
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Figure 5.4.4 Soluble PGM components of ALR and an intermediate leach product 
 
5.5 TERTIARY LEACH RUN 4 
 
Run 4 is carried out with the sole intention of determining whether an increase in the 
initial sulphuric acid leach solution from 60 g/l (Run 2) to 80 g/l will allow the leach to 
progress without an intermediate acid addition step.  However, as is obvious from the 
redox and acidity profile displayed in Figure 5.5.1, an intermediate acid addition is 
necessary.  The addition results in an immediate increase in base metal leaching and 
 97 
response in slurry redox of ~100 mV units which at 630 mV is a significant rise in 
redox potential (this occurs after 8 hours of leaching).  The leaching kinetics displays 
an immediate enhancement after the addition of the acid at the 8 hour interval (as 
shown by the red point on the graph).  It is once again evident from the profile that an 
acid consuming reaction is taking place from the outset of the leach but instead of 
decreasing down from 60 g/l to ~10 g/l as is the case in Run 2, it decreases from 80 
g/l to ~50 g/l.  This can probably be attributed to the fact that a much higher starting 
acidity is employed for this run providing more available acid for reaction purposes, 
thereby causing a decrease of 38 % as opposed to the previous 83 %. 
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Figure 5.5.1 Profiles of acidity of leach solution and redox of slurry for Run 4 
 
Once the additional acid has been added, the base metal leaching is significantly 
improved as can be seen from Figure 5.5.2.  The response of copper and sulphur 
leaching far exceeds the increase observed in the nickel, iron and cobalt as would be 
expected.  The solubilisation of precious metals occurs after 10.25 hours which 
corresponded to a redox of ~720 mV.  The palladium shows the largest amount with 
an initial spike to 450 mg/l but within an hour the palladium has re-precipitated back 
out of solution and at the time that the leach is terminated (13.25 hours), the 
concentration decreases to 132 mg/l.  At a redox potential of 720 mV when palladium 
starts to solubilise, so does rhodium and ruthenium but the concentration increases 
more gradually, the ruthenium like palladium appears to precipitate back out of 
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solution at the time when the leach is terminated.  However rhodium shows no 
indication of re-precipitating out of solution, the concentration continues to increase 
and become significant with a concentration of 350 mg/l.  These profiles are 
displayed graphically in Figure 5.5.3.  Another interesting observation is that when 
the intermediate acid addition occurs, this results in a small increase in the amount of 
soluble palladium, rhodium and ruthenium (6.5 hours).  At the start of the leach when 
the bulk of the acid has been added to the system, a small amount of ruthenium 
solubilises but almost instantly it then re-precipitates back out of solution. 
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Figure 5.5.2 Soluble base metal concentration profiles for Run 4 
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Figure 5.5.3 Soluble rhodium, ruthenium and palladium concentration profiles for 
Run 4 
The other precious metals are insignificantly affected and show no solubilisation 
throughout the leaching duration even after the redox has exceeded 720 mV.  The 
log sheet providing all the conditions and recorded measurements during the leach is 
given in Appendix B, while a full mass balance of 10 elements can be viewed in 
Appendix C. 
 
The modal abundance of all compositionally distinct phases in the ALR feed and final 
product, FIC is determined by MLA technique and given in Table 5.5.1 while the 
comprehensive results in terms of volume percent abundances is listed in 
Appendix D. 
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Table 5.5.1 Modal abundance of compositionally distinct phases for Run 4  
 
Mineral ALR Final 
(11 Hours) 
Refractory 0.9 3.3 
BMSulphides 64.7 1.9 
BMSulphates 2.5 0.1 
PGE BM Sulphoxides 19.0 1.2 
Pd oxide type 1 0.4 12.1 
Pd oxide type 2 0.0 10.5 
Pd oxide (compact) 0.8 16.8 
PGE oxide (compact) 1.2 12.5 
Ru oxide (compact 0.2 7.4 
Pt cores 3.4 7.6 
Pt rims 3.0 24.9 
Other alloy 0.4 0.8 
Unknown 3.5 0.8 
Total 100.0 99.9 
 
 
5.6 TERTIARY LEACH RUNS 5, 6 AND 7 
 
The original thinking is that the ferrous-ferric coupling reaction is responsible for the 
sudden increase in the redox values that is observed around the 550 – 560 mV.  It is 
at this point where the redox potential exceeds 560 mV that the PGMs appear to be 
sensitive to solubilisation and the amounts of rhodium and ruthenium in solution 
increase substantially from this point onwards as the redox rises.  The objective of 
Runs 5, 6 and 7 are to determine whether the ferrous (Fe3+) in solution will have any 
effect on the solubilisation of the PGMs, particularly rhodium, ruthenium and 
palladium.  The details pertaining to the experimental conditions, measured and 
recorded data, graphical representations of profiles etc are provided in Appendix G.   
 
5.7 TERTIARY LEACH RUN 8 AND 9 
 
Unfortunately all literature reviews have been unsuccessful in providing information 
on redox values of sulphuric acid at high temperatures and oxygen partial pressures.  
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It is thought that the redox of this environment will be in excess of 900 mV, as the 
standard reduction potential for the reduction of oxygen, in the presence of hydrogen 
ions to form water is 1.23 V.  The redox values measured during the experimental 
proceedings are all carried out once a sample is taken from the pressure vessel 
which means that the value provided is after de-pressurisation and this will have a 
significant influence on the measured redox potential value.  The next two 
experiments are performed with the intention of establishing whether specific redox 
potentials are achieved in-situ at high temperatures and oxygen pressures. 
Palladium sponge and silver powder are individually exposed to a pressure 
dissolution under the tertiary leach conditions (60 g/l sulphuric acid, 150 °C and 10 
bar pressure with oxygen gas), these constituted Run 8 and 9 respectively.  In the 
event that palladium sponge is dissolved, this means that in-situ redox potentials 
reached are in excess of 920 mV.  In the case of silver powder, the required redox 
will need to exceed 799 mV to afford dissolution. 
Both materials display mass losses after leaching therefore indicating that dissolution 
has occurred.  The amount of dissolved palladium sponge equates to ~4 % while 
69 % of the silver powder dissolved under the leach conditions.  The log sheets 
providing all the conditions and recorded measurements during the leach is given in 
Appendix B, the palladium sponge before introduction into the pressure vessel and 
after pressure treatment is submitted for mineralogical examination.  The residue 
after treatment appears to be tarnished in comparison to the untreated sponge, 
indicating some form of chemical attack. 
The composition of all distinct phases developed in each sample is determined using 
the energy dispersive X-ray analysis option (EDX) on the scanning electron 
microscope (SEM).  Standardless analyses reported is the average of 5 spot 
analyses done at various points on the polished sample.  The detection limit of the 
EDX technique is approximately 0.3 mass percent, in addition to this, a semi 
quantitative XRF scan is performed on the palladium sponge samples. 
Results confirm that the untreated sponge consists predominantly of spongy 
aggregates of palladium metal.  The appearance of the residue after sulphuric acid 
treatment at high temperatures and oxygen pressures is identical to the original 
palladium sponge when examined using reflected light microscopy and back 
scattered electron imagery.  There is no evidence of any rimming around individual 
particles of palladium metal after treatment.  Both materials contain a few particles of 
palladium oxide in addition to the predominant palladium metal constituents.  Despite 
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the tarnished appearance of the treated palladium sponge, there is no mineralogical 
reason evident to account for this difference.  The mineralogical examination 
indicates the presence of palladium (84 %), oxygen (12 %) and sulphur (3 %), this 
may explain why only ~4 % palladium sponge dissolves during the treatment period 
as surface passivation can well slow down the leaching kinetics for palladium sponge 
in sulphuric acid.  The time allocated for this leach is 6 hours which may be far too 
short for the leaching rate, the mineralogical results also show the possible presence 
of sulphates on the surface which can also tend to slow down the attack on the 
surface and thereby impact upon the dissolution rate.  Runs 8 and 9 indicate that the 
redox in-situ reach potentials in excess of 920 mV under the tertiary leach conditions. 
 
5.8 TERTIARY LEACH RUN 10 
            
An additional tertiary leach is performed under the same conditions as those 
employed in Run 2 to generate enough material to provide the Mineralogy 
Department with larger amounts of solid for each sample taken throughout the leach.  
The objective of the experiment is to allow the leach to proceed well past the end 
point and guarantee an increase in the concentration in solution of the most soluble 
PGMs.  The solids generated from each sample will be evaluated with a view to 
determine if possible, which minerals are decreasing due to leaching or formation of 
other phases and also due to modification of oxidation states of elements as the 
chemistry progresses. 
 
Figure 5.8.1 displays the redox and acidity profiles of the leach and it confirms that 
the leach is taken well past the 560 mV potential that is considered to be the end-
point on the plant.  The point at which fresh acid is added is indicated on the graph 
by the red data points, the redox indicates that the leach will normally have been 
considered complete at approximately 10 hours (according to plant protocol).  
 
 103
0
10
20
30
40
50
60
70
0 2 4 6 8 10 12 14 16 18 20
Time (Hours)
H
2S
O
4 
(g/
l)
0
100
200
300
400
500
600
700
800
R
ed
o
x
 
(m
V)
Addition of acid (50 g/l)
 
Figure 5.8.1 Profiles of acidity of leach solution and redox of slurry for Run 10 
 
Leach profiles for selected base metals are illustrated in Figure 5.8.2, once again 
very little iron and cobalt leached as expected, while it is obvious from the graph that 
when the intermediate acid is added, the leaching rate of copper, nickel and sulphur 
increases significantly.  However, as previously stated, the leach will be deemed to 
be complete at this stage, it is continued to deliberately over shoot the end point 
significantly and thereby guarantee the presence of some PGMs in solution.  This will 
afford the opportunity to study the system comprehensively.  The other three base 
metals (copper, nickel and sulphur) appear to follow similar trends and the general 
observation that the amount of copper leached exceeds the amount of nickel is once 
again reproduced. 
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Figure 5.8.2 Soluble base metal concentration profiles for Run 10 
    
The profile of the precious metals is given in Figure 5.8.3, and again platinum, iridium 
and gold are not affected during the leaching, however, after the leach has 
proceeded well past the end point (exceeded it by ~9 hours), a small amount of 
soluble iridium is observed.  Ruthenium appears to solubilise and re-precipitate 
continuously during the leach (between start and 14 hours), whereas rhodium and 
palladium do not display this phenomenon.  However, once the redox potential has 
exceeded 600 mV this results in a significant effect on the solubility of palladium 
causing a sharp increase in the solution concentration to 459 mg/l, but this is not 
sustainable and the soluble palladium re-precipitates out of solution decreasing the 
concentration of soluble palladium measured.  At the same redox potential that 
palladium is influenced, significant quantities of rhodium and ruthenium start to 
solubilise and increasing amounts are evident in the leach liquors as the redox 
continues to rise, no re-precipitation is apparent. 
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Figure 5.8.3 Soluble precious metal concentration profiles for Run 10    
 
In an attempt to determine the amount of soluble precious metal components in the 
ALR feed material and FIC produced, the two solids are contacted with 6M 
hydrochloric acid solution for 2 hours with agitation, the slurry is filtered and the 
filtrate analysed for PGMs.  These results are graphically displayed in Figure 5.8.4, 
which indicates that all six PGMs are soluble in the feed material to varying degrees.  
The palladium comprises the largest component, with 23.8 % of the feed being 
present in a soluble form.  Palladium is followed by ruthenium whereby 19.4 % is 
found in a soluble form and 12.4 % of the rhodium.  The soluble forms for platinum, 
gold and iridium in the starting material for the tertiary leach equated to being less 
than 5 % for each.  However, once the ALR is exposed to the tertiary pressure leach, 
the amounts of soluble precious metal components increases for all of the PGMs 
except gold.  All the palladium appears to be converted into a soluble form, 64.5 % of 
the ruthenium in the FIC is now in a soluble form, 49.9 % of the rhodium and around 
13 % of the platinum and iridium are in soluble forms.  However, it must be noted that 
the FIC exposed to this leach is the product of a leach that is intentionally continued 
well past the end point of a standard leach, so these figures if anything may be 
exaggerated. 
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Figure 5.8.4 Soluble precious metal components of ALR and FIC produced from Run 
10 
 
The log sheet providing all the conditions and recorded measurements during the 
leach is given in Appendix B, while a full mass balance of 10 elements can be viewed 
in Appendix C.  
 
The modal abundance of all compositionally distinct phases in eight of the samples 
submitted for mineralogical evaluation is determined by MLA technique.  
Comprehensive results in terms of volume percent abundances are listed in 
Appendix D, while a more condensed set of results is given in Table 5.8.1. 
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Table 5.8.1 Modal abundance of compositionally distinct phases for Run 10 
 
Mineral ALR 1.5 Hrs 7 Hrs 9 Hrs 10.5 
Hrs 
(FIC) 
13.5 
Hrs 
16 Hrs Final 
Refractory 0.6 0.7 0.6 0.8 0.7 0.8 2.9 1.3 
BMSulphides 67.4 63.9 36.5 18.6 5.7 1.4 0.1 0.4 
BMSulphates 1.7 0.2       
PGE BM 
Sulphoxides 
18.5 21.2 32.0 19.8 9.4 2.4 0.7 0.3 
Pd oxide type 1 0.2 1.5 16.6 40.5 59.6 70.7 39.4 4.0 
Pd oxide type 2 0.0 0.3 0.3 0.2 0.3 0.5 0.3 13.4 
Pd oxide 
(compact) 
1.2 2.6 3.3 4.0 6.1 7.0 23.1 19.2 
PGE oxide 
(compact) 
2.2 4.5 4.7 6.0 8.0 8.2 18.8 17.2 
Ru oxide (compact 0.5 1.2 2.0 3.6 3.4 2.8 4.0 7.5 
Pt cores 3.1 0.5 0.4 1.2 0.8 0.4 0.8 7.2 
Pt rims 3.3 2.3 2.5 4.7 5.1 4.9 8.9 28.5 
Other alloy 0.6 0.9 1.0 0.5 0.8 0.9 0.9 0.9 
Unknown - - - - - - - - 
Total 99.3 99.8 99.9 99.9 99.9 100.0 99.9 99.9 
 
The mineralogical evaluation indicates that the components may be grouped into 
several distinct phases to indicate the disappearance of phases (due to leaching and 
chemical attack on particular components) and the appearance of others.  The detail 
supplied in Table 5.8.1 is done to ascertain and see whether it is possible to track 
and trace the mineral phase from which the soluble PGMs are being removed.  This 
data is then broadened to complement and tie in with the solution trends observed 
and to show the sequence of events throughout the leach and over-leaching stages.  
It therefore only accounts for the mineral phases that are seen to be influenced by 
the leach, like converting to various oxidation states and those thought to be 
responsible for supplying the PGM components that ultimately either remain as a 
solid or are rendered soluble. These categories are summarised in Table 5.8.2 and 
have been used with several graphs to explain how the leach can be divided into 
various leaching stages. 
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Table 5.8.2 Compositionally distinct phases for Run 10 
 
Compositionally 
Distinct Phase 
ALR 1.5 Hrs 7 Hrs 9 Hrs FIC 13.5 
Hrs 
16 Hrs Over 
Leached 
FIC 
BMSulphides 67.4 63.9 36.5 18.6 5.7 1.4 0.1 0.4 
BMSulphates 1.7 0.2       
PGE BM 
Sulphoxides 
18.5 21.2 32.0 19.8 9.4 2.4 0.7 0.3 
PGE Oxides 4.1 10.1 26.9 54.3 77.4 89.2 85.6 61.3 
PGE Alloy 6.4 2.8 2.9 5.9 5.9 5.3 9.7 35.7 
 
 
It is evident that during the leach, the base metal sulphides are being removed down 
to low levels.  These base metal sulphides are oxidised to base metal sulphates and 
are leached into solution.  Once the base metals are initially leached from the base 
metal PGE sulphoxide phases, a PGE sulphoxide phase is formed which is 
essentially free of the majority of the base metals.  Towards the end of the leach the 
PGE sulphoxide phase, which mainly contains palladium, rhodium and ruthenium, is 
leached with the resultant formation of palladium, rhodium and ruthenium oxides 
(referred to in Table 5.8.2 as PGE oxides).  The palladium that is solubilised re-
precipitates forming rims around the already present platinum alloy (referred to in 
Table 5.8.2 as PGE alloy), and as the base metal sulphides are leached from the 
solids, the alloy content of the solids increases.  However, in the event that the 
material is over-leached, it is evident that the PGMs solubilise from the PGE oxide 
phases and during this process re-precipitate as rims around the platinum alloy, 
thereby causing the alloy content to increase and the PGE oxide phase to decrease 
in the solid.  However, the amount of PGM solubilisation exceeds the amount of PGM 
re-precipitation and therefore results in the solution analysis for rhodium and 
ruthenium to increase very rapidly as the leach time continues.  This is illustrated in 
Figure 5.8.5. 
 
When the solids mineralogy is divided and categorised into several mineralogical 
phases, it is clear that the leach duration can be divided into 4 parts.   
1. The first part : copper, nickel and sulphur is leached from the sulphide 
minerals  
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2. The second part : base metals are leached from the base metal PGE 
sulphoxide phases 
3. The third part : PGE sulphoxide phase is decomposed to form a Pd oxide type 
1 phase which consists of palladium, rhodium and ruthenium in a fine grained 
matrix.  It is during this stage that palladium, rhodium and ruthenium begin to 
solubilise, the redox at 13.5 hours, which reflects the start of this phase is 
~620 mV. 
4. The fourth part : the Pd oxide type 1 phase is transformed into a Pd oxide type 
2 phase which also consists of palladium, rhodium and ruthenium in a fine 
grained matrix but in a different ratio, it contains more palladium and less 
rhodium and ruthenium.  This part of the leach corresponds to the over leach 
where the leach is intentionally extended past the normal end point. 
 
The PGM solubilisation corresponds to the stage where the PGE sulphoxide phases 
are being leached, the results indicate that the PGMs amenable to solubilise, do not 
originate from the alloy (metallic) phases, they are in fact generated from the fine 
grained Pd oxide type 1 matrix.  
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Figure 5.8.5 Solution concentration profiles for Run 10 
 
The various stages of the leach are indicated on Figure 5.8.6 together with the solid 
mineralogical phases.
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Figure 5.8.6 Mineralogical phases of solids for Run 10 
 
If Figure 5.8.6 is expanded further to include the soluble PGM components, it 
indicates that palladium responds differently to rhodium and ruthenium after 16 
hours.  Rhodium and ruthenium concentrations continue to increase due to 
solubilisation as shown in Figure 5.8.7, while palladium re-precipitates from solution 
causing the palladium concentration in solution to decrease significantly.  The re-
precipitated palladium appears to have an affinity for the platinum cores and coats 
them, resulting in palladium rims forming around the platinum alloy cores. 
 
If Figure 5.8.7 is summarised, the following would apply : 
Stage 1 - the leaching of base metals 
• The amount of BM sulphides decreases as the base metals are leached and 
the sulphides are converted to sulphates, indicated by solid yellow line. 
• The PGE BM sulphoxides initially increase as the base metals are leached 
from the BM sulphides, but towards the end of this stage, the amount of PGE 
BM sulphoxides (indicated by solid red line) also decrease as a Pd oxide 
type 1 phase is formed, indicated by solid light green line, this phase consists 
of palladium, rhodium and ruthenium. 
• Very little change is noticed with the PGE oxide phase, indicated by the solid 
blue line.  These mineral phases are already present in the ALR feed material 
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and all that happens during this leach is that they become more concentrated, 
the amount increases as a result of all the other metals being leached and 
removed. 
• Similarly, the alloy phase, indicated by the solid pink line, is also not affected 
for the same reason as given above for the PGE oxide phase. 
    
0
10
20
30
40
50
60
70
80
0 5 10 15 20
Time (Hours)
So
lid
 
Co
m
po
s
iti
o
n
 
(%
)
0
50
100
150
200
250
300
350
400
450
500
So
lu
tio
n
 
Co
n
ce
n
tr
a
tio
n
 
(m
g/
l)
Leaching of BM’s Leaching of Cu & Ni fromBM PGE sulphur oxy
BM Sulphides (solid)
PGE BM sulphoxides (solid)
PGE oxides (solid)
Alloy (solid)
Pd oxide Type 2 (solid)
Pd oxide Type 1 (solid)
Over Leaching
      PGM
solubilisation
Pd
Ru
Rh
 
Figure 5.8.7 Soluble PGMs and mineralogical phases of solids for Run 10 
 
Stage 2 - the leaching of copper and nickel from the BM PGE sulphoxide phases 
• The amount of BM sulphides decreases further as leaching of base metals 
progresses (solid yellow line). 
• Similarly the PGE BM sulphoxides continue to decrease as the leach 
progresses (indicated by solid red line) and as this phase is removed the 
formation of the Pd oxide type 1 phase becomes significantly more prominent, 
as indicated by solid light green line. 
• There is a small increase in the amount of the PGE oxide phase, indicated by 
the solid blue line, which is expected due to a concentration effect. 
• Similarly, the alloy phase, indicated by the solid pink line, also increases 
slightly as a consequence of removing the base metals from the solid. 
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Stage 3 -  PGM solubilisation 
• The amount of BM sulphides decreases to a very small amount as majority of 
this phase is leached (solid yellow line). 
• In the same way, the amount of PGE BM sulphoxides also decreases to a very 
small amount (solid red line). 
• The amount of Pd oxide type 1 phase starts to decrease in significant amounts 
and it is during this stage that palladium, rhodium and ruthenium is solubilised.  
This type 1 phase which is a fine grained matrix, is the source of all three 
soluble PGMs, it consists of 1Rh : 1Ru : 4Pd. 
• There is a sharp rise in the amount of the PGE oxide phase, indicated by the 
solid blue line, which indicates that with the significant losses of PGM to leach 
liquor, this phase is concentrated further. 
• Similarly, the alloy phase by the same token also displays a small increase in 
concentration, as indicated by the solid pink line. 
 
Stage 4 -  Over-leaching 
• The amount of BM sulphides (solid yellow line) and PGE BM sulphoxides 
(solid red line) at this point are insignificant. 
• The amount of Pd oxide type 1 phase continues to decrease substantially as 
the amount of soluble rhodium and ruthenium continuously increases.  This 
type 1 phase continues to be the source of the soluble PGMs.  However 
palladium starts to re-precipitate out of solution and has an affinity for the 
platinum cores, resulting in rims being formed around the alloy cores, which is 
shown by the sharp increase in alloy, as indicated by the solid pink line.  The 
Pd oxide type 1 phase is converted to a Pd oxide type 2 during the over-leach.  
This phase also consists of palladium, rhodium and ruthenium but the ratio of 
palladium to rhodium and ruthenium increases as the rhodium and ruthenium 
are removed from the phase as they are solubilised (1Rh : 2Ru : 15Pd). 
• The amount of the PGE oxide phase levels off during this stage as other 
phases are affected and influenced, indicated by the solid blue line. 
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ALR consists of:
~ 70 % BMS leached to various degrees  (red arrows) 
~ 20 % Pd-rich sulph oxides (fine-grained matrix)    PGE  ~ 20 % (Pd>); BM ~ 50 %; S ~ 20 %,   remainder O2
~ 5 % PGE-oxides (yellow arrows)                           PGE  ~  70 % (Pd>); BM ~ 5 %; S ~ 5 %,     remainder O2
~ 5 % Pt-rich alloy
Reflected light image
50 µm
Pt Pt
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Figure 5.8.8 Photographs of ALR feed material for Run 10 
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Back-scattered electron images
FIC consists of:
~ 5 % BMS remnant  (red arrows) 
~ 65 % PGE Oxides (fine-grained matrix)  PGE  ~ 70 % (Pd>);
BM ~ 5 %; S ~ 5 %, remainder O2
~ 25 % Pt-rich alloy
 
Figure 5.9.9 Photographs of FIC produced for Run 10 
 
To illustrate the changes that the material undergoes during the tertiary leach 
conditions Figures 5.8.8 and 5.8.9 are photographs taken of microscopic images of 
the ALR and FIC respectively. 
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5.9 TERTIARY LEACH RUN 11 
            
A tertiary leach is performed using 60 g/l sulphuric acid solution that contains 
approximately 1.5 g/l soluble ruthenium and 0.8 g/l soluble rhodium.  The aim of this 
experiment is to determine whether the soluble rhodium and ruthenium will 
precipitate and, if so, in what form.  Prior to adding the soluble rhodium and 
ruthenium sulphate solution to the leach liquor, the salts that crystallised out from the 
saturated solutions prepared are examined mineralogically to determine the nature of 
the rhodium and ruthenium.  Results indicate that the predominant constituent in the 
material is ruthenium and rhodium metal.  However, traces of rhodium chloride, 
sulphur and rare inclusions of ruthenium sulphate are observed.  Unfortunately the 
presence of the trace amounts of rhodium chloride caused corrosion of the pressure 
vessel components towards the end of the leach, resulting in the leach being 
terminated before reaching completion.  However, this only occurs after the critical 
point of precious metal solubilisation, thus allowing the ability to trace the rhodium 
and ruthenium re-precipitation in the early stages and the solubilisation of the 
palladium, rhodium and ruthenium in the more advanced stages of the leach.  The 
solids generated during sampling are evaluated with the view of tracking the soluble 
rhodium and ruthenium added upfront to the system. 
 
The results indicate that both the soluble rhodium and ruthenium are re-precipitated 
almost immediately after the leach commences.  Figure 5.9.1 displays the profiles of 
the concentrations of palladium, rhodium and ruthenium for the duration of the leach.  
The redox of this leach never exceeds 460 mV at any time due to early termination.  
However, PGM solubilisation is observed from ~7 hours onwards and as expected 
the palladium initially exceeds the rhodium and ruthenium, but if the leach were 
allowed to proceed uninterrupted, the palladium will have re-precipitated and the 
rhodium will be the largest precious metal in solution followed closely by ruthenium. 
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Figure 5.9.1 Soluble precious metal concentration profiles for Run 11 
 
The modal abundance of all compositionally distinct phases in eight of the samples 
submitted for mineralogical evaluation is determined by MLA technique.  
Comprehensive results in terms of volume percent abundances are listed in 
Appendix D, while a more condensed set of results is given in Table 5.9.1. 
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Table 5.9.1 Modal abundance of compositionally distinct phases for Run 11 
 
Mineral ALR 1.5 Hrs 2 Hrs 3 Hrs 5 Hrs 6 Hrs 7 Hrs 9 Hrs 
Refractory 0.6 1.0 0.7 1.0 0.7 0.3 2.3 0.5 
BMSulphides 67.5 49.6 45.8 39.4 40.0 8.6 0.2 0.9 
BMSulphates 1.7 3.6 3.7 3.5 1.9 75.9 0 62.6 
PGE BM 
Sulphoxides 
18.1 32.8 38.7 44.8 47.8 2.2 0.5 2.4 
Pd oxide type 1 0.3 0.8 0.5 0.6 0.3 0 60.0 0.0 
Pd oxide type 2 0.1 0 0 0 0 0 0.2 0 
Pd oxide 
(compact) 
1.3 0.7 0.7 0.8 0.7 0.1 3.9 0 
PGE oxide 
(compact) 
2.2 4.3 3.3 4.5 3.2 0.3 19.1 0.1 
Ru oxide 
(compact) 
0.6 4.1 3.5 3.7 3.4 1.0 2.7 0.9 
Pt cores 3.1 0.9 0.9 0.1 0.2 0.5 0.1 0.2 
Pt rims 3.3 1.6 1.5 0.8 1.0 0.6 3.3 0.4 
Other alloy 0.6 0.2 0.2 0.2 0.2 0 0.1 0 
Fe oxide 0.5 0.4 0.4 0.5 0.5 10.4 7.6 32.0 
Total 99.9 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
 
It must be noted that this leach is not allowed to continue to completion due to the 
unforeseen corrosion of the pressure vessel.  An additional phase (Fe oxide) is 
added to the table that is due to the corrosion and provides a good indication of when 
the situation started to get out of hand and the iron started to influence the chemistry.  
The precipitation of the added soluble rhodium and ruthenium occurs within the first 
11/2 hours of leaching and the PGM solubilisation is evident from 9 hours. It is clearly 
evident from the significant increases of the PGE oxide (compact) and the Ru oxide 
(compact) phases that these two mineral phases accommodate the soluble rhodium 
and ruthenium that precipitates.   
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6 DISCUSSION 
 
The mineralogical technique is used extensively in the research of the tertiary leach 
as an analytical tool to assist in determining which mineral phases are participating or 
being influenced in the reactions taking place.  The material that is being studied has 
an enormously complex mineralogical composition and as a result, the mineralogy is 
divided into various categories to simplify the complexity for fundamental 
understanding as well as to provide a means to hypothesise the mechanism for PGM 
solubilisation under the tertiary leach conditions. 
 
In view of this, I believe it is important to provide some mineralogical background to 
the material from the time it is produced via the smelting operation.  This information 
is essential in understanding where certain mineral phases originate and how these 
phases transfer across the process or become chemically decomposed and form 
new phases during the leaching operation. 
 
A diagrammatic representation of the full leaching circuit at the MC Plant is provided 
in Figure 1.3 (page 3).  MEC is the feed to the first pressure leach, it represents the 
magnetically enhanced concentrate of converter matte and constitutes several main 
phases which are grouped as follows : 
• Alloy 
• Base metal sulphides 
• Spinels 
• Silicates 
 
The magnetic alloy mainly comprises the platelets formed during smelting and slow 
cooling of converter matte in the moulds.  Platelets are generally euhedral 
(rectangular) in shape and are referred to as base metal rich alloy (BMA) since they 
consist of ~80 % nickel and ~10 % copper and ~10 % iron.  They also contain 
palladium, rhodium and ruthenium (Pd>Rh>Ru), where the combined content of 
these does not generally exceed 3 %. 
 
The platinum and iridium is concentrated as a distinct compound which is termed Pt-
rich alloy and it usually forms “cores” within the base metal-rich alloy platelets. 
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In addition to the rectangular platelets, BMA also occurs as irregular particles termed 
eutectic alloy.  The name refers to the formation of this type of alloy at a significantly 
lower temperature in the crystallisation process than for the BMA platelets.  Eutectic 
BMA is generally lower in PdRhRu content than euhedral BMA.  There is also trace 
amounts of other PGE (precious group element) bearing alloy and they occur as very 
fine grained particles in the matte.  These are PdAuCu and palladium bearing alloys 
such as PdPbNi, PdSb etc. 
 
During the first pressure leach in the MC Plant, the MEC is contacted with 150 g/l 
sulphuric acid and almost immediately, several mineral phases start to dissolve.  
These being  
• The BMA 
• The palladium, rhodium and ruthenium forming iron rich PGE bearing 
sulphates (jarosite type) 
• The copper sulphates with PGE 
• The iron rich PGE bearing oxides (hematite type) 
• The PGE oxides, these are the same as those referred to as the PGE oxide 
compact, which obviously form very early in this leach. 
• The platinum rich cores are resistant to sulphuric acid leaching, although, once 
they are exposed, they are susceptible to leaching of the base metals from the 
alloy.  The result is a very thin platinum enriched rim around the original 
platinum rich core. 
 
The PGE bearing base metal sulphates, palladium oxide and ruthenium oxide is all 
extremely fine grained, however, the sub micron particles form compact aggregates 
in the case of the oxides whereas the sulphates tend to form loose incohesive 
agglomerations.  This research together with additional studies on the MEC show 
that the PGE oxide compact which consists of PdRhRu oxides is formed virtually 
straight away during the primary pressure leach and in the subsequent tertiary leach, 
it is further refined by the removal of base metals.  The results of this research work 
shows that this phase is reasonably resistant to sulphuric acid attack, thereby limiting 
the possibility that the soluble PGM’s will originate from here. 
 
At the start of the tertiary pressure leach, the ALR consists essentially of copper 
sulphide in the form of covellite (CuS) together with traces of incompletely leached 
 119
nickel sulphides and minor amounts of the more resistant base metal sulphides, 
bornite and pentlandite.  If the primary leach is performed efficiently, no BMA is 
observed unless it is hosted by acid resistant phases such as nickel bearing 
magnetite.  As the leaching stage progresses in the tertiary pressure leach, the 
sulphates lose sulphur and the PGE base metal sulphoxides (PGE BM sulphoxides) 
are formed.  The base metals continue to be leached and therefore removed from 
this phase which ultimately becomes transformed into a phase designated as a 
palladium oxide type 1 (Pd oxide type 1).  The type 1 phase consists of palladium, 
rhodium and ruthenium but the predominant metal is palladium with much smaller 
amounts of rhodium and ruthenium.  Pd oxide type 1 is a fine grained matrix and it is 
from this phase that the soluble rhodium, ruthenium and palladium will solubilise.  It is 
possible to minimise the amount of this phase by better control of operating 
parameters in the primary pressure leach to accommodate any variations in the MEC 
feed. 
The platinum and iridium occurs as acid resistant Pt-rich cores with some traces of 
ruthenium. 
 
At the end of a “normal” tertiary leach the FIC produced will consist of the following 
phases : 
• Pt-rich alloy with Pd rims coating the cores 
• PGE oxides that consist of 
o Pd rich oxides 
o Ru rich oxides 
o PdRhRu rich oxides 
o Pd oxide type 1 
• Traces of other alloys 
• Insolubles 
• Possibly a few particles of copper sulphide and pentlandite 
 
If the leach is allowed to proceed well past the end point, this increases the amount 
of soluble rhodium and ruthenium in the tertiary leach liquor quite substantially and it 
is shown to originate from the fine grain matrix called Pd oxide type 1.  As the 
rhodium and ruthenium is removed from this phase, the amount of palladium 
remaining in comparison to the rhodium and ruthenium increases significantly and at 
this point, the phase is then called Pd oxide type 2.  While the rhodium and 
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ruthenium is removed from this phase, the rhodium deports directly to the solution but 
the ruthenium appears to follow three different routes.  A portion of the ruthenium 
solubilises and deports directly to the leach liquor thereby resulting in an increase in 
the soluble ruthenium concentration.  Another portion of ruthenium undergoes a 
reduction to its metal and this has an affinity to coat onto the Pt-rich alloy rims, while 
the third portion of ruthenium deports to the ruthenium oxide compact phase.  All 
three deportments are confirmed by the observation of increases in the ruthenium 
content of the alloy cores, ruthenium oxide if the leach is allowed to proceed into the 
over leach stage and by the increase of ruthenium in the leach solution. 
 
This study of the tertiary leach process has certainly confirmed (1) that the rate of 
reaction may be slow and will be dependent on the nature of the phase that contains 
the metal.  In a hydrometallurgical process such as the tertiary leach, the nature of 
the minerals present is important in the type of process used to recover the metals 
from an ore and this depends on the chemical nature of the mineral containing it.  It is 
true that in the tertiary leach, in some cases the ore mineral is not itself leached but is 
decomposed by the chemical process before the desired metal is solubilised.  
However, in some cases a change of valency is necessary before dissolution occurs, 
this implies that the redox potential in the system must therefore undergo an 
adjustment, as well as the pH, by the addition of an oxidising or reducing agent to 
produce values outside of the region of thermodynamic stability of the solid but within 
the stability range of the metal ion required to be in solution. 
 
 
6.1 TERTIARY LEACH RUN 1 
    
The aim of this experiment is to establish a base line for the leach carried out under 
plant conditions.  The results show PGM solubilisation after the redox potential has 
exceeded 550 mV.  The most affected PGMs appear to be rhodium, to a lesser 
degree ruthenium and very small amounts of palladium are apparent at redox values 
in excess of 600 mV.  Platinum, iridium and gold show no signs of being rendered 
soluble which is not unexpected as previously reported, extreme temperatures 
together with elevated pressures of greater than 30 bar is required to impact on the 
platinum solubility (2, 13).  Similarly gold and iridium are not detected in solution when 
exposed to these conditions.  It is apparent from the acidity curve (Figure 5.2.3, page 
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80) that some chemical reactions taking place at the start of the leach require large 
amounts of acid and only once these acid consuming reactions are complete, will the 
rate of base metal leaching increase significantly. 
 
The mineralogical results are as expected, whereby the refractory component of the 
material increases across the leaching process due to the fact that base metals are 
leached from the solid and this phase remains unaffected by the leaching process.  
The amount of BM sulphides decreases due to the conversion of these to sulphates 
and sulphoxides as a consequence of the oxidation process under sulphuric acid and 
the removal of base metals.  Similarly the amount of BM sulphates decreases as the 
leach progresses as these are rendered soluble and report to the leach liquor.  As 
the leach progresses and the sulphides are oxidised and the base metals removed 
this exposes the PGE components that are previously coated with base metals, and 
results in the increase of the PGE BM sulphoxide phase.   The amount of this phase 
increases and reaches its peak at the 2 hour interval and then sharply decreases as 
the base metal components are attacked and deport to the solution.  The PGE 
components are then associated with several different phases depending on the ratio 
of PGMs in each phase.  The sequence of attack on the mineralogical phases and 
decomposition and formation of various phases will be discussed in more detail in 
subsequent experiments where more frequent samples are taken. 
 
 
6.2 TERTIARY LEACH RUN 2 AND 3 
  
One of the issues that this set of experimental runs highlights is the significant 
decrease in the acid at the outset of the leach.  The consumption of sulphuric acid 
continues for a substantial amount of time and it is crucial for the chemistry and 
leaching kinetics to understand what causes this phenomenon.  This substantial acid 
consuming reaction also impacts on the base metal leaching, after the acidity in 
solution reaches a minimum and starts to increase, then only does a significant 
amount of copper and nickel start to leach. 
 
It is assumed that the occurrence of the various base metal components such as 
copper, nickel, iron and sulphur in the ALR material is present as :  
• Cu(I) species 
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• Ni(II) species 
• Fe(II) species 
• S(II) 
 
Since ALR appears to be very reducing, the above will apply initially, however, as the 
leach progresses forward and the solid is leached, the environment will tend towards 
becoming more oxidising than reducing.  This will promote the conversion of the 
surface species to their higher oxidation states such as : 
• Cu(I)  Cu(II) 
• Fe(II)  Fe (III) 
• S(II) as H2S SO42- or S(III), S(IV) or S(V) 
 
In the presence of available H+ ions (supplied by the sulphuric acid) and the oxidising 
environment, the favoured direction is to the higher oxidation states and 
consequently this leads to the base metals being solublised in the acid.  However, in 
the event of the system being starved of acid, this negatively impacts on the ability to 
render the base metals soluble and therefore decreases the rate of base metal 
leaching.  In this system, the copper and nickel appear to be involved in a competing 
reaction for the available acid.  Copper preferentially cements out and during the 
process releases acid that is then used to leach the nickel into solution.   
The surface study using ToF-SIMS confirms the cementation process by the increase 
in the amount of CuSO4 precipitating onto the surface and the decrease of nickel at 
the surface as the leach progresses. 
 
If during the leach fresh acid is added, the H+ ions will be available to drive the 
reaction in favour of forming soluble copper sulphate that will then report to the leach 
liquor.  However, it is not only copper that is present in the ALR material that is 
leaching albeit a dominant reaction, there is also nickel, iron and sulphur that 
leaches. Only after all the necessary base metal conversions have taken place will 
acid be available for possible use in the reactions that result in solubilisation of the 
PGMs. 
Since the amount of iron in the ALR is very small, the influence of iron on the system 
is assumed to be negligible in calculating the possible species participating in the 
acid consumption reactions.  This information is used to calculate the moles of acid 
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required to generate the moles of base metals analysed in solution and thereby the 
amount of acid depleted.  
Figure 6.2.1 illustrates the amount (in moles) of acid and base metals determined in 
solution during the leach.  The light blue line indicates the difference between the 
moles of acid and base metals.  It is expected that when the initial acid decrease is 
observed the majority of the moles of acid is used to form polysulphides which 
precipitate out of solution, evidence of this was confirmed with the XPS studies.  
However, once the intermediate acid addition occurs (at 6 hours), a second decrease 
in solution acidity is experienced but at this stage the base metal leaching is well 
underway and as a result of the acid consumption and therefore acid starvation to the 
system, the base metal leaching is negatively affected.  The impact is that there is no 
further increase in leaching of base metals until solubilisation of more sulphur bearing 
phases are realised, resulting in the generation of acid.  
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Figure 6.2.1 Profiles of moles of H+ ions, copper, nickel, iron and sulphur in solution 
for Run 2  
 
It is postulated in the results section, that the significant acid consumption be 
attributed to the formation of either  
• Elemental sulphur 
• Hydrogen sulphide 
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• Polysulphides 
 
The possibility of producing elemental sulphur is ruled out by the XPS studies which 
confirm that no elemental sulphur is observed on the surface of the material at any 
time during the sampling campaign.  The formation of hydrogen sulphide is also 
dismissed due to the fact that no build-up of pressure in the reactor is observed and 
no such gas is detected in the off gases.  The third possibility that polysulphides are 
formed is confirmed by the surface studies. 
 
The analysis of all XPS spectra generated from a study performed at the Ian Wark 
Institute in Australia on samples generated during the tertiary pressure leach, proved 
difficult due to the complexity of the elemental composition, mineralogy and surface 
chemistry of the wide range of reaction products detected.  It is worth restating that 
XPS results represent the surface species presenting to the solution during the 
process as a result of reaction of the initial (ALR) material.  These species will 
determine the subsequent reaction process at the solid/solution interface. 
 
The major conclusions may be summarised as : 
• The trends and changes in the surface composition during the leach confirm 
the changes in the aqueous concentrations of the base metal and precious 
metal components, particularly with regards to copper, nickel and sulphur. 
• Initially copper, and to a lesser extent nickel, dominate the surface 
composition before surface exposure of some of the precious metals, 
particularly platinum, palladium, ruthenium and rhodium. 
• Even at the end of the leach, surface exposure of the other elements found in 
the bulk including Bi, Au, Ir, Sb, Sn, Ag, As, Co, Pb, Zn, Cr, Si, Al and Mg is 
not significant. 
 
The chemical states of the elements in these surface layers have been partly 
determined in the initial survey but more detailed information is provided on specific 
elemental species and mineral phase.  This part of the investigation focuses on 
determining the characteristic of any secondary precipitation or phase 
transformations occurring during the course of the leach. 
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The large acid decrease observed at the start of the leach which also continues for 4 
hours into the leach is attributed to reactions taking place that are acid consuming.  
The chemical analysis of the solutions, the evaluation of the solids by XPS and 
mineralogical study have been used to discuss and explain the possible reason for 
the significant acid consumption. 
 
In terms of major base metal phases present in the ALR material, it essentially 
consists of covellite (CuS), hazelwoodite (Ni3S2) and cubanite (CuFe2S3).  Within the 
first four hours of leaching, the cubanite fraction of the feed disappears after two 
hours of leaching accompanied by the emergence of the chalcanthite phase 
(CuSO45H2O).  This latter phase then decreases over the next two hours to remain 
as a trace amount after four hours of leaching.  The contributions of hazelwoodite 
and covellite progressively decrease over the first four hours of leaching.  For the first 
two hours the copper and nickel concentrations in the leach solution increase and 
then start to decrease and reach a minimum at approximately four hours (as 
illustrated in Figure 6.2.2).  During this period the acidity of the solution progressively 
decreases to also reach a minimum at the same time (as does the sulphur in 
solution). 
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Figure 6.2.2 Profiles of acidity and the soluble copper, nickel and sulphur for Run 2 
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Rapid dissolution of cubanite will result in the release of copper into solution and a 
decrease of solution acidity as the acid is required to ensure the reaction progresses 
in the forward direction : 
 
CuFe2S3 (s) + 6½  O2 + 2H+  H2O + 2Fe3+ + Cu2+ + 3SO42-  
Progressive dissolution of hazelwoodite will also lead to a decrease in acidity and 
release nickel into solution : 
 
Ni3S2 (s) + 4½  O2 + 2H+  H2O + 3Ni2+ + 2SO42-  
 
However, the dissolution of covellite will not contribute to the decreasing solution 
acidity : 
 
CuS (s) + 2O2   Cu2+ + SO42-  
 
As the concentration of Cu2+ and SO42- increases the leach solution becomes 
supersaturated with respect to chalcanthite (CuSO45H2O) which precipitates after 2 
hours of leaching.  This process will not affect the solution acidity : 
 
Cu2+ +  SO42- + 5H2O  CuSO45H2O 
 
After 4 hours of leaching the chalcanthite is partially redissolved and the copper in 
solution increases.  It is probably also a similar process of dissolution which is 
followed by precipitation of a sulphate species for the nickel.  The surface 
contribution of sulphur increases from 3.1% to 18.1% during the first two hours and 
then it decreases to 13.7% at the four hour leaching interval.  The initial increase in 
sulphur concentration is likely to be due to an increase in surface polysulphides 
which is an acid consuming reaction.  However, it is proposed that the bulk 
dissolution process will play the major role in reducing the solution acidity.  It is also 
noted that no crystalline elemental sulphur is observed by XRD. 
 
A significant result in this stage is the absence of monosulphide signals and the 
appearance of extensive polysulphide (Sn2-) and other oxidised sulphur species.  
Polysulphides are the first oxidation products of monosulphides (28) and their 
formation is an acid consuming reaction : 
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nS2- + (2n-2)H+ + ((n-1)/2)O2   Sn2- + (n-1)H2O 
 
This mechanism is likely to be complemented by the oxidation of metal species as 
illustrated for the conversion of ferrous to ferric, which also requires acid to drive the 
reaction in the forward direction. 
 
2Fe2+ +  ½ O2 + 2H+   2Fe3+ + H2O  
 
Under these circumstances, there will be no generation of acid, it will be used up and 
unless there is a return of acid to the system via other reactions, this will result in an 
increase in the pH of the solution which may rise to levels that support precipitation of 
base metals as hydroxides. 
 
In all these cases, however, the availability of oxygen is a requirement.  If this is 
limited in the tertiary leach process, then these mechanisms may not be fully 
operative.  But if oxygen is freely available, then these reactions may be inhibited by 
minimising the concentration of oxygen.  Previous studies of the tertiary leach have 
shown that when under pressure, oxygen dissolves in the sulphuric acid and thereby 
aids the dissolution of the metals (13) and at high oxidation rates, the concentration of 
oxygen is often well below the saturation value (11) however, the rate of dissolution is 
not limited by the oxygen (23), it is determined by the duration of the sulphide leach 
stage. 
 
A major change in the leach residue occurs between four and nine hours of leaching, 
with a significant decrease in the contribution from sulphide mineral phases. 
In terms of the precious metal components, the only metals that appear to be 
rendered soluble in significant quantities (at redox values greater than 500 mV) under 
the tertiary leach conditions is palladium, rhodium and ruthenium, as illustrated in 
Figure 6.2.3.  However, palladium is re-precipitated towards the end of the leach as 
shown in Figure 5.3.2 but is very definitely coming from the same source/mineral 
phase that provides the rhodium and ruthenium which is solubilised.  During this re-
precipitation process, the palladium has an affinity for the platinum cores and results 
in forming a palladium rim around the platinum cores.  This is confirmed by the 
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mineralogy studies where an increase from 4.5% to 25.8% in the Pt rims is recorded 
in the FIC (Table 5.3.1). 
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Figure 6.2.3 Expanded version of the profiles of soluble rhodium, ruthenium and 
palladium for Run 2 
 
The XPS studies indicate that initially palladium appears to be present as Pd (IV) and 
Pd (II) oxidised sulphur species and as the leach progresses the Pd (IV) species 
become less dominant to the Pd (II) oxidised sulphur species.  At the nine hour 
interval, an intermediate Pd species with an oxidation state somewhere between (II) 
and (0) is observed and the amount of this increases further at the termination of the 
leach.  It appears from this data that the palladium species moves through a 
conversion from the (IV) to the (II) oxidation states and finally down to the metal (0) 
state.  The rhodium also appears to be present as two different oxidation states, 
namely Rh (III) and (II) oxidised sulphur species and as the leach progresses these 
states appear to be maintained up until the 9 hour leaching interval.  The Rh (III) 
becomes significantly less with an increase in the amount of Rh (II) oxidised sulphur 
species and the appearance of rhodium metal Rh (0).  At the time when the leach is 
terminated, the amount of rhodium metal increases and the amount of Rh (II) 
oxidised sulphur species is decreased.  Unlike rhodium and palladium, the ruthenium 
composition in the ALR material and those observed throughout the leach consist of 
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only one intermediate ruthenium species that has an oxidation state between Ru (III) 
and Ru (II) oxidised sulphur species. 
 
The various reactions involving the precious metal components that may be possible 
during this leach are : 
• The direct conversion of precious metal sulphates to precious metal alloys 
• The direct conversion of precious metal sulphates to precious metal oxides 
• The subsequent conversion of precious metal oxides to precious metal alloys 
 
The conversion of precious metal sulphates to precious metal alloys and oxides is a 
reaction that will generate acid and this appears to be confirmed when looking at the 
acid profile of the leach (Figure 6.2.2), there is a significant increase in the sulphuric 
acid concentration at approximately 7 hours, which continues to rise up until the point 
of termination.  
 
When evaluating the surface studies with the mineralogical data, the conclusion is 
that the source of soluble precious metal components originates from the mineral 
phase that is termed “Pd oxide type 1”.  This is the fine grained phase that consists of 
palladium, rhodium and ruthenium sulphoxides.  The ALR contains 0.3 % of this 
phase (refer to Table 5.3.1) and as the leach progresses, the amount increases to 
10.1% after 51/2 hours and at the time when the leach is terminated the amount 
equates to 14.1% in the FIC (shown as the green line in Figure 6.2.4).  This graph 
depicts the disappearance and emergence of the various phases as the base metals 
are removed from the solid into solution and the PGM components become more 
concentrated.  The 51/2 hour time period appears significant in that the PGE oxide 
phase and the alloy phase starts to show a significant increase in concentration in 
the solid phase but this in general is associated with the concentration effect as it is 
at this point that the base metal leaching rates increase substantially, as shown in 
Figures 6.2.2 and 5.3.4.  This is also supported by the sudden decrease in the PGE 
BM Sulphoxide phase as the base metal parts are removed and the PGE 
sulphoxides are converted to the PGE oxides.  From Figure 5.3.2 it can be seen that 
the soluble palladium, rhodium and ruthenium concentrations start to increase 
significantly at 9 hours and while the palladium re-precipitates at 101/2 hours, the 
soluble rhodium and ruthenium values continue to rise.  The re-precipitation of 
palladium contributes to the observed steep rise in the alloy curve (shown in pink) in 
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Figure 6.2.4, this increase from ~22 % to 38% is a result of 1) the concentration of 
already present alloy by the removal of surrounding base metals and 2) the re-
precipitation of the solubilised palladium which has an affinity for the platinum cores 
and forms palladium rims around the alloy cores (pink curve).  The Pd oxide type 1 
curve (shown in green) fails to mimic the trend observed with the corresponding pink 
and blue curves and increases because the rhodium and ruthenium components of 
this phase is being removed by dissolution leaving the palladium to remain and 
become the more dominant metal.   
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Figure 6.2.4 Mineralogical phases of solids for Run 2 
 
One must note that there is already soluble precious metal components present in 
the ALR material.  This is illustrated in Figure 5.4.4 where the percentage soluble 
PGMs in the ALR are recorded against an intermediate leach product, a solid arising 
after ALR has been leached for 4 hours.  The rhodium and palladium are found to 
have the largest increase in the percentage soluble constituents, Rh starts at 2.4 % 
and increases to 8.9%, Pd at 3.9 % and goes to 10.5 %.  Ruthenium follows closely 
with a net increase of 5.5 % where it starts at 6.9% and increases to 12.4 %.  
However, in spite of these soluble precious metal sulphates, the results show that the 
rhodium, palladium and ruthenium that deports to the leach liquor at redox values in 
excess of 500 mV originate from the more complex fine grained Pd oxide type 1 
phase.  This phase is already present in the ALR as it forms during the primary 
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pressure leaching stage.  During the tertiary pressure leach, after a certain amount of 
base metal leaching has been accomplished, it appears to be closely connected to 
the amount of copper in solution, as well as the redox potentials when these PGMs 
are rendered soluble. 
 
6.3 TERTIARY LEACH RUN 4 
 
This leach is initiated with a higher concentration of starting acid (80 g/l as opposed 
to 60 g/l) to determine whether the intermediate acid addition can be forfeited.  
However, this is not feasible as the leaching rate of the base metals only respond 
noticeably once the fresh acid is added after several hours of leaching (Figure 5.5.2).  
This is probably due to the acid consuming reaction of forming polysulphides at the 
outset of the leach, which has been determined and discussed in the previous 
section.  The fresh acid added at an intermediate stage in the leach appears to be 
utilised more by the leaching of the copper and sulphur components of the ALR 
which at this stage of the leach is not surprising.  The amount of nickel and iron 
leaching at this point levels off as significant amounts of leaching of these base 
metals is already complete in the first part of the leach period.  In addition, the 
amount of copper and sulphur present in the ALR material is by far the largest 
proportion than any other constituent (Cu=37.4 % and S=18.5 %), which therefore 
requires the use of the additional acid.  In Figure 5.5.3 it clearly indicates that a very 
small amount of ruthenium is detected in solution during the early stage of the leach 
(~15 mg/l) for a very short time (within 1 hour).  Thereafter the ruthenium re-
precipitates back out of solution, which is similar to previous studies that reported an 
almost instant solubilisation of ruthenium within the first ten minutes of leaching (17).  
This ruthenium is obviously solubilised from the soluble ruthenium shown to be 
present in the ALR material (Figure 5.4.4).  Similarly a palladium spike is detected in 
solution when the fresh acid addition occurs in the intermediate stages of the leach 
and again this probably originates from the soluble palladium present in the ALR and 
due to acid now being available it allows the palladium to dissolve.  However as the 
acid is taken up by the copper and sulphur, the palladium re-precipitates out of 
solution until such time as the larger amounts of palladium, rhodium and ruthenium 
become exposed to the conducive conditions that render them soluble. 
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The mineralogical results shown in Table 5.5.1 indicate and confirm reproducibility of 
the trends previously observed and also highlight aspects due to over leaching as 
this run is carried on well past the designated end point of the plant.  The expected 
decrease in BM sulphides and BM sulphates phases are confirmed as the leach 
progressed and the base metals are converted to the BM PGE sulphoxide phases.  
This component also decreases in the end product as expected due to the removal of 
the sulphur components and the conversion of the PGMs to their oxides and alloys.  
This results in the observed increase of the Pd oxide, PGE oxide, Ru oxide, Pt cores, 
Pt rim phases across the leach.  What is interesting about the results in this 
experiment is the appearance of a phase designated as Pd oxide type 2.  This is a 
fine grained phase and consists of palladium, rhodium and ruthenium but has a much 
greater amount of palladium in relation to rhodium and ruthenium.  This phase is only 
observed when a leach is continued into the over leach period and is formed from the 
decomposition of the Pd oxide type 1 phase when rhodium and ruthenium is 
removed from the type 1 and become soluble leaving the palladium rich phase. 
 
The investigation of the precious metal component of the tertiary leach did not 
encompass the influence of various operating parameters.  The direction followed 
focuses specifically on looking at the behaviour of the precious metals under tertiary 
leach plant conditions, so parameters such as oxygen / air mixtures, temperature, 
acid concentrations and particle size of ALR are not included but have been 
considered in the literature review.  In some cases where the conditions are similar, 
i.e the concentration of sulphuric acid, the leach temperature and the oxygen 
pressure, the findings confirm previously reported studies.  In summary however, the 
one single parameter that shows the most significant effect on the solubility of the 
PGMs is the temperature and when it exceeds 150 °C, this results in unacceptably 
high palladium losses.  The relationship between the concentration of acid and the 
solubility of the three PGMs (palladium, rhodium and ruthenium) also indicates an 
important aspect that will need consideration in the event of optimising conditions for 
minimising PGM deportment to the leach solution (13,22). 
 
6.4    TERTIARY LEACH RUN 5, 6 AND 7 
 
Historical record on the plant indicate that the concentration of PGMs in the leach 
solution become significant when redox potentials of greater than 550 mV are 
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attained and that this solubilisation of the PGMs is in some way connected or 
associated with the Fe3+/Fe2+ coupling reaction.  It is reported that the iron in solution 
is predominantly Fe2+ for most of the leaching time, but when this oxidises to Fe3+, 
the transformation is accompanied by an immediate increase in the rhodium and 
ruthenium solubilities(23).  The assumptions for these runs is based on the scenario 
that between various redox ranges, the iron in solution is defined as : 
• For redox values < 400 mV - the iron in solution is considered to be Fe2+ 
• When redox reaches 420 mV – the iron in solution is Fe3+:Fe2+ = 1:1 
• When within redox values of 420 – 500 mV – the iron in solution is considered 
to be Fe3+:Fe2+ = 20:1 
 
However, the results obtained from the various experiments carried out with different 
amounts of Fe3+ additions to the system indicate that the PGM solubility is not 
significantly affected.  When a single injection of a solution containing 2g/l ferric 
sulphate is added to the system, there is an initial response with a rise of 40 mV of 
redox potential which is not sustained and the system very quickly returns to that 
previously recorded.  No PGM solubilisation is observed during the change in the 
systems’ redox even for the short time that it occurs.  The lack of response is 
attributed to the environment in which the ferric addition is occurring, the conditions 
employed in the pressure vessel is such that it is promoting the conversion of any 
iron components to either jarosite or hematite.  As a result the concentration of ferric 
is negligible and therefore prevents any kind of response it may have on the system.  
Palladium shows no change in solution concentration once the ferric is introduced, 
however, the soluble rhodium and ruthenium concentration levels show slight 
increases at the time of the large ferric addition.  The change in the rhodium 
concentration is not conclusive evidence that the response is from the ferric as the 
change equates to 10 mg/l which at the levels of analysis may be due to an analytical 
variation.  However, the ruthenium increase of 22 mg/l, which is too large to 
constitute an analytical anomaly, may be assumed to be a consequence of the 
presence of the additional ferric. 
The experiments involving the addition of extra ferric into the system clearly indicates 
that the Fe3+/Fe2+ coupling reaction does not influence the redox potential and any 
increases that result in PGMs deporting to the leach liquor is as a consequence of 
another mechanism.  The fact that a small amount of ruthenium appears to solubilise 
with the addition of the solid ferric is not seen as significant. 
 134
 
6.5    TERTIARY LEACH RUN 8 AND 9 
 
Unfortunately, due to the nature of the environment, a redox probe is unable to 
withstand the harsh conditions of the leach and so a direct redox measurement 
cannot be recorded in-situ.  The sole intention of these two experiments is to 
determine whether or not various reduction-oxidation potentials are achieved inside 
the pressure vessel.  The fact that silver powder is successfully dissolved under the 
tertiary leach conditions indicates that a redox of 799 mV is attained.  Palladium 
sponge also solubilised under these conditions thereby indicating that the sulphuric 
acid solution together with the oxygen gas used to provide the desired pressure in 
the system with the elevated temperature is able to reach redox potentials in excess 
of 920 mV.  The original thought that the ALR material itself is very reducing is 
confirmed by this because in-situ the reagents are able to attain a reasonably high 
oxidising environment, thus higher redox values will be measured if the solid is not a 
strong reductant, itself being oxidised. 
 
6.6      TERTIARY LEACH RUN 10 
 
This experiment is performed to study the reactions of the PGMs when the leach is 
continued well past the conventional end point and taken into the area that is 
considered to be the over-leaching state.  The intention of this is to ensure that the 
PGMs will dissolve and the concentration levels in solution will be significant enough 
to determine the possibility of establishing from which mineral phase the PGMs 
dissolve.    
A very important aspect that emerged from this study is the ability to reproduce 
trends and observations that have been previously discussed and noted.  As a 
summary, these are listed as : 
• The mass loss recorded is of the correct order of magnitude for what the plant 
will generally expect for production of FIC 
• The addition of the intermediate acid results in an immediate increase in the 
leaching rate of the copper, nickel and sulphur 
• Copper leaching exceeds nickel leaching 
• Copper, nickel, iron, sulphur and cobalt follow similar trends 
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• PGM dissolution in the stages prior to the over-leaching is similar to previous 
trends.  Solubilities of platinum, gold and iridium again remain unaffected 
within the normal leaching range 
 
The recorded redox profile confirms that the leach definitely proceeded well past the 
desired end point (according to the plant operating parameters) for minimising the 
PGM losses.  There is a period of prolonged leaching that is referred to as the over-
leaching phase (10-19 hours).  During the over-leach stage, small amounts of iridium 
appear to become soluble for the very first time and after a redox of 600 mV is 
exceeded, significant amounts of palladium become soluble (the concentration 
reaches a high of 459 mg/l).  However, the duration of high palladium concentrations 
in the leach liquor is short-lived as it re-precipitates and the solution concentration 
drops off rapidly.  At the redox potential when palladium is significantly affected, 
rhodium and ruthenium also show signs of being influenced, but unlike palladium, 
rhodium and ruthenium concentrations in solution increase consistently and continue 
to rise substantially without any sign of re-precipitation.  In Figure 6.6.1 the redox 
profile is superimposed onto the concentration profiles of the relevant PGM and base 
metal components in solution throughout the leaching time. 
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Figure 6.6.1 Profiles of soluble precious metal and base metal concentrations and 
redox for Run 10 
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The PGMs start to solubilise at ~ 131/2 hours which corresponds to a redox potential 
of ~ 620 mV.  This happens after the base metal leaching appears to level out.  The 
copper and sulphur in particular move through a rapid incremental rise in leaching 
just before this levelling out occurs and in my mind this is fairly significant as the 
sudden rise of copper from 19 g/l to 39 g/l can be used to indicate that the leach is 
reaching the point of termination.  The extra two hours of leaching after this point will 
provide no additional base metal leaching and therefore there will be no benefit to 
continue.  This also provides a reasonable window for some time delays in the plant 
due to sampling and analysing that will minimise the losses of PGMs to the leach 
liquor.  The fact that above 600 mV, rhodium dissolution increases faster than ths 
ruthenium and palladium dissolution is in line with previous plant findings (23).  In 
addition, the same findings report that ruthenium solubility increases just after the 
copper concentration starts to rise and once the ruthenium responds, it appears to 
trigger the increase in the solubility of rhodium, this appears to be the case except 
the increase in PGM solubility is slightly delayed in this instance.  If Run 2 is 
evaluated in this regard (Figure 5.3.4 and Figure 5.3.2), there is an area on the curve 
where the copper and sulphur leaching tapers off just before the solubility of the 
PGMs become significant.  It is not useful to only use the soluble sulphur 
concentration, it must be used in conjunction with the soluble copper.  The reason for 
this is that several sulphuric acid additions occur on the plant during the leach and 
depending on the amount as well as the time that the acid is added, this will obscure 
the ability to predict the true point for termination.  This is illustrated in Figure 6.6.2 
where the termination point will have been selected at approximately 11 ½ hours 
which correspond to the point where the copper concentration shows a significant 
increase (from 22.5 g/l to 31 g/l).  This will still provide approximately 2 hours before 
any PGM solubilisation occurs, which provides a reasonable window period for 
cooling down and controlling the reaction kinetics. 
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Figure 6.6.2 Profiles of soluble base metal concentrations and mineral phases of 
solids for Run 10 
  
The point of termination will result in the two base metal bearing phases, namely BM 
sulphides and PGE BM sulphoxides, being at their lowest concentrations in the solid 
(67.4 down to 5.7% and 1.7 down to <0.2% respectively), while the phases 
containing the precious metals, namely PGE oxides, alloys and Pd type 1, will be on 
the increase (4.1 increased to 77.4% and 6.4 increased to 5.9% and 0.2 increased to 
59.6% respectively) and at very acceptable levels so as to minimise the PGM losses 
to the leach liquor.  According to Figure 5.8.7, the PGMs start to solubilise 
significantly at 13 ½ hours.  This will be avoided if the leach is terminated at the 
indicated point and the amount of base metal leaching is not compromised as the 
copper, nickel and sulphur levels in solution appear to level off with no substantial 
increases thereafter. 
 
The XPS studies provide insight into the possible oxidation states of the metals which 
therefore allow some prediction of the related chemistry for the various metals. 
• Initially palladium is found to only occur in the (IV) and (II) oxidation states 
which means that in ALR palladium is present as PdS and PdS2 which during 
the leaching period gets converted to Pd(II) and eventually to metal, Pd(0). 
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• Initially rhodium is found to only occur in the (III) and (II) oxidation states which 
means that in ALR rhodium is present as RhSO4 and Rh2(SO4)3 which during 
the leaching period gets converted to Rh(1/2) and eventually to metal, Rh(0). 
• Ruthenium is unusual in that it is almost entirely found to be in a state 
intermediate between Ru(III) and Ru(II) and remains unchanged throughout 
the leach.  This species is probably RuS which is converted to RuSO4 and 
then eventually to metal, Ru(0). 
 
This is summarised as : 
 
PdS and PdS2 PdSO4  Pd(alloy)  
RhSO4 and Rh2(SO4)3   Rh2SO3  Rh(alloy)  
RuS    RuSO4  Ru(alloy)  
 
However, it is known from the mineralogy that the phase designated as the Pd type 1 
phase where it is predicted that the solubilised PGMs originate, consist of all three 
precious metals (palladium, rhodium and ruthenium).  As the leach proceeds and the 
base metals removed from the solid phases, the sulphides are converted to 
sulphates and sulphoxides, the PGMs are converted through various different 
oxidation states.  The most probable source of the soluble palladium, rhodium and 
ruthenium is when they are in their sulphate / sulphite forms, namely PdSO4, Rh2SO3 
and RuSO4 as indicated above and as previously stated the mechanism whereby this 
happens is via a solid state process. 
 
In earlier studies conducted by Hofirek(25) the possible sources of PGMs for 
dissolution are unknown but the origins are speculated to be : 
1. Possibility of PGM dissolution from PGM sulphides that precipitate in the 
primary pressure leach 
2. Possibility of PGM dissolution from PGM metals that precipitate in the 
atmospheric leach 
3. Combination of 1 and 2 
 
This study rules out the possibility of scenario 2 and 3 as the source of PGMs that 
solubilise, it confirms the prediction that scenario 1 holds true.  The phase 
responsible for providing the PGMs that solubilise is formed during the primary 
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pressure leach.  This is concluded by evaluating the input materials to the two 
pressure leaches, namely the MEC and ALR, for the presence of the Pd type 1 phase 
(source of soluble PGMs).  The fine grained phase is not present in the MEC but is 
clearly observed in the ALR.  This therefore points to the fact that it is formed during 
the primary pressure leach. 
The fine grained Pd type 1 phase can originate from either  : 
1. The re-precipitation of solubilised PGMs that return in the TLL (from the 
tertiary pressure leach) which is used as make-up acid or 
2. It is a leach product formed under certain conditions employed in the primary 
pressure leach derived from components of MEC. 
 
A report by Dinham(29) has highlighted the presence of this phase in a study of the 
process and its solid products.  If one is to eliminate the possibility of forming this 
phase, it is necessary to determine where the fine grained phase originates, in other 
words prove whether 1 or 2 above is responsible, such recommendations is provided 
as part of this report. 
 
The actual leaching process that takes place during the tertiary pressure leach is 
summarised by a sequence of photographs that explains the decomposition or 
removal of some phases in preference to the formation or establishing of new 
phases.  The transformation of sulphides to sulphates and sulphoxides is seen 
together with the conversion of sulphoxides to oxides and subsequent concentration 
of the already present alloys and oxides by the removal of base metals.  This is 
clearly shown by way of microscopic photographs (Figures 6.6.3 to 6.6.6). 
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The following key must be used for identification of various phases in the micrograph: 
   
 
 
 
 
 
Figure 6.6.3 ALR Feed Material 
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Figure 6.6.4 Intermediate material after 101/2 hours of leaching 
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Pt
Pt
10 m
Pt
Image Magnified 5X
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Figure 6.6.5 FIC Material after 16 hours of leaching 
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Note 
-Alloy has rims with no re-precipitated rims yet, i.e. rims on rims.
-Amount of fine grained matrix has decreased substantially
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-Leaching of base metals from alloy leaving a rim of nearly pure Pt-alloy 
-First stage of alloy exposure
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Figure 6.6.6 Over leached material after 19 hours of leaching 
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6.7      TERTIARY LEACH RUN 11 
 
The aim of the experiment is to add soluble rhodium and ruthenium at the start of the 
leach with the fresh acid and observe the sequence of their reactions to establish : 
1. If the rhodium and ruthenium re-precipitates, and if so at what time in the leach 
will this happen ? 
2. If re-precipitation occurs what mineral form will it take ? 
3. Will the source of soluble rhodium and ruthenium observed above 600mV 
originate from the re-precipitated mineral forms or from other mineral phases 
or a combination of both ? 
 
The solution analysis indicates that the soluble rhodium and ruthenium almost 
immediately precipitates, this is illustrated in Figure 5.9.1. 
The XPS results show that despite the initial solution spiking, the surface exposure of 
Ru (1.2%) and Rh (0.6%) at the two hour interval when precipitation is complete is 
low and no different to the sample from the run which did not have any soluble 
rhodium and ruthenium added up front.  The surface of the two hour sample is still 
dominated by oxidised copper, iron and nickel reaction products, precipitates of 
sulphides and partially oxidised metal phases.  It is worth restating that XPS results 
represent the surface species presenting to the solution during the process as a 
result of reaction of the initial material (ALR).  These species determine the 
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subsequent reaction process at the solid/solution interface.  They do not directly 
represent the chemistry of the bulk mineral phases and their changes during the 
leach process. 
 
The XPS study show that the two soluble PGMs added did not precipitate in their 
metallic forms, that is Rh(0) and Ru(0).  This is supported by the mineralogical results 
which indicate that both the rhodium and ruthenium precipitate as the compact type 
oxide mineral phase.  The ruthenium oxide phase is definitely in more abundance 
than the previous run 2 which suggests that the soluble ruthenium precipitates as 
ruthenium oxide, 
  
RuSO4 + O2  RuO2(solid) 
 
At the later stage in the leach when PGMs start to show significant solubilisation, 
some rhodium and ruthenium metal is observed around the platinum alloy as rims, it 
appears that the Pt alloy serves as a plating site and since the concentration of these 
alloys are low initially and coated with base metal envelopes, the precipitation usually 
occurs as the oxides and only once the alloy plates become more concentrated due 
to leaching of base metals, does the re-precipitation of rhodium and ruthenium start 
to form rims around the alloy cores.    
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7 CONCLUSIONS AND RECOMMENDATIONS 
 
The objectives of this study are defined in Chapter 1 of this dissertation and they are 
stated as follows : 
1. To identify the conditions under which significant PGM dissolution is observed. 
2. To establish the order in which the PGMs solubilise 
3. To determine the cause of PGM solubilisation 
4. The study illustrates pertinent parameters to monitor with the objective of 
minimising PGM losses 
5. The study highlights the possibility of using a different controlling regime to 
determine the leaching end point 
 
7.1 IDENTIFICATION OF CONDITIONS THAT APPEAR TO 
PROMOTE/RESULT IN PGM DISSOLUTION 
 
There is strong evidence that soluble iron acts as an electron carrier transporting 
electrons from metals and sulphur to the dissolved oxygen in cycles, but it seems that 
in the tertiary leach, the copper may play a more significant role in this regard. 
 
The acidity controls the iron level in solution and in this way may also affect the rate 
of reaction.  The kinetics of the ferrous ion oxidation is second order with respect to 
partial oxygen pressure and the reaction appears to be catalysed by the presence of 
cupric ions Cu2+. 
 
Changes in the residue and solution composition indicate that the NiS dissolution 
rate is considerably higher than that for CuS.  Nickel monosulphide is almost entirely 
dissolved in the initial phase of the monosulphide leach (< 400 mV) and it is the 
dissolution of CuS that controls the duration of this phase. 
The alloy is the first phase attacked during the pressure leach releasing Cu2+ ions 
which result in an initial increase in copper concentration in solution.  A calculation of 
the amount of copper dissolved from the alloy from a low sulphur (<5%) MEC is 
shown to be as high as ~100 kg/t MEC, whilst the copper requirement for the 
precipitation reaction is only ~25 kg/t thereby causing no Cu2+ decrease below the 
initial copper concentration.  However, in the event of a high sulphur (10%) MEC, a 
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large proportion of the copper is bound to the sulphides and the copper that is 
released during the alloy leach is estimated at ~25-35 kg/t.  This is not sufficient to 
cover the copper requirement by Ni3S2, estimated at 100-125 kg/t, resulting in a huge 
concentration decrease of copper in solution. 
 
A large amount of work is published on the kinetics and thermodynamics of cuprous 
and cupric sulphide dissolution in sulphuric acid media.  The behaviour of the 
sulphides during MEC leach generally agrees with the published data.  The leaching 
of Cu2S (chalcocite) proceeds in two distinct stages, the first reaction : 
 
Cu2S + 1/2 O2 + 2H+  CuS + Cu2+ + H2O [1] 
 
Results in a large amount of copper being released into solution.  The copper 
sulphide then continues with a second reaction : 
 
 CuS + 2O2  Cu2+ + SO42-  [2] 
 
The rate of reaction [1] is substantially higher than the rate of reaction [2] and 
increases with increasing temperature and oxygen partial pressure, while the effect of 
the acid concentration is negligible.  The CuS (covellite) dissolution rate is controlled 
by temperature, oxygen partial pressure and acid concentration, and rapidly 
increases with an increase in all three parameters.  It is suggested that the controlling 
step for the CuS dissolution is a heterogeneous surface process.  The oxidative 
dissolution of Cu2S to CuS [1] is the initial step in the dissolution of Cu2S, the 
dissolution of the reaction product (CuS) is accelerated by the presence of ferric ions 
which is rapidly reoxidised in acid solutions in the presence of oxygen.  It is found 
that even small concentrations of ferric ions have a considerable effect on the 
leaching rate of CuS. 
Parameters that are known to have an influence on the amount of soluble PGMs 
reporting to the leach liquors are : acid concentration, temperature, pressure, iron 
concentration and copper concentration.  The most important of these in the tertiary 
pressure leach is temperature. 
 
Another very important aspect that affects the PGM solubilisation is the ratio of PGMs 
to sulphur, a lower ratio not only influences the potential losses of PGM to the leach 
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liquors, but it also serves to increase the leaching times of both the primary and 
tertiary leach operations which negatively impacts on the pipe line times and 
increases operating costs due to increased acid requirements to afford good leaching 
of the additional sulphur components.  
 
7.2 ORDER OF PGM SOLUBILISATION AND PROPOSED 
MECHANISM 
 
The order in which the PGMs dissolve and solubilise under the tertiary leach 
conditions is found to be palladium first then followed very closely by both rhodium 
and ruthenium.  When significant amounts of PGM start to solubilise, it is usually 
palladium that is most affected in the early part of the solubilisation, but as time 
progresses, the palladium undergoes a re-precipitation to form rims around the 
platinum alloy cores.  Ruthenium and rhodium concentration profiles continue to 
increase and become more significant than the palladium.  It is noted that some 
soluble rhodium and ruthenium also re-precipitate forming rims around the alloy 
cores, but the amount solubilising exceeds the amount of re-precipitation which 
therefore results in increasing the concentrations in solution of rhodium and 
ruthenium.  The general trend observed is that the amount of soluble rhodium 
exceeds the amount of ruthenium that is lost to the leach liquors, even in the event of 
purposefully over leaching the material and extending the termination point. 
The proposed mechanism of solubilisation is discussed in the previous chapter and is 
stated as probably due to a solid state process.  The most important findings of this 
study is that the soluble PGMs originate from a phase that is termed Pd type 1 
mineral which is a fine grained phase that is already present in the leaching circuit in 
the feed material to the tertiary pressure leach.  It appears to be produced in the 
primary pressure leach, a stage that is two leaches before the tertiary pressure leach.  
This phase is produced due to the presence of the base metal sulphide material that 
is entrained with the magnetic portion of the material.  The matte material produced 
from the smelting operation undergoes a separation based on the magnetic 
components of the material where the products are a magnetic fraction and a non-
magnetic fraction.  The magnetic fraction is termed MEC and it is this material that is 
fed into the leaching circuit.  But it appears that when the magnetic separation is 
performed, some base metal sulphides (which are very fine) are carried over with the 
magnetic fraction and this material is the problematic component.  During the primary 
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pressure leach, the base metal sulphides appear to form the fine grained material 
that results in the formation of the Pd type 1 phase seen in the tertiary leach which 
provides the source of PGMs that solubilise.  If the amount of entrained base metal 
sulphides in the MEC is reduced or removed completely, it will therefore remove the 
source of the soluble PGMs.  The possibility of PGM losses to the leach liquor will 
then only occur in the event of severe and extreme over-leaching. 
If the primary pressure leach is presented with MEC material that contains a higher 
amount of entrained base metal sulphides, there is a greater potential to produce a 
larger amount of fine grained material.  This in turn makes it more difficult to control 
the leach end point and increases the possibility of solubilising PGMs. 
  
7.3 CAUSE OF PGM SOLUBILISATION 
 
The cause of the soluble PGMs is shown to be related to the presence of the mineral 
phase that serves as the source of the soluble PGMs, namely the fine grained 
material.  This is shown to occur as a function of the primary pressure leaching 
operation as this phase appears in leaching products extracted from the circuit.  The 
concentration of this phase increases during the tertiary pressure leach as the base 
metals are removed into solution.  At a point where base metal leaching reaches its 
peak and begins to plateau out, the conditions become conducive to targeting the 
PGMs from this fine grained material and rendering them soluble. 
The sequence of the PGM dissolution agrees well with the theoretical equilibrium 
potential values.  A redox potential of 650 mV absolute is capable of oxidising 
ruthenium (Ru4+/Ru = 490 mV) and rhodium (Rh3+/Rh = 440 mV).  The potential for 
palladium is somewhat higher (Pd2+/Pd = 987 mV), while platinum, iridium and gold 
are well above 1000 mV and according to the Pourbaix Atlas of electrochemical 
equilibria, these metals passivate and form insoluble oxides making it more difficult to 
solubilise them.    
 
7.4 MONITORING AND CONTROLLING TO MINIMISE PGM 
LOSSES 
 
The first prize for controlling the end point of this leach is to consistently maximise the 
base metal leaching without PGM losses.  This end point of the leaching process is 
currently determined by monitoring the redox potentials of the slurry samples taken at 
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various intervals.  A problem with this approach is that the redox determined under 
atmospheric pressure conditions will vary from the values in the pressure vessel.  
Another drawback is that in the redox range of 550 mV to 650 mV the potential 
changes extremely rapidly.  In this region, huge increases in redox potential is 
experienced over small time intervals.  This makes it very difficult to predict the exact 
end point consistently for different batches.  A better approach would be to identify 
alternative parameters to allow ample time to make an informed decision regarding 
the end point.  This appears to be possible by monitoring the copper and nickel in 
solution.  When the concentration of these two base metals increase substantially, 
this will signal the termination sequence and cooling down of the reactor.  The 
increase for copper appears to be from ~19-39 g/l and nickel from ~6.5-8.5 g/l for the 
ore tested in this study. 
 
In terms of the tertiary leach conditions and the type of material, the response of the 
parameters selected for end point detection needs to take into account that in some 
cases the rate of a reaction may be slow and is dependent on the nature of the 
phase that contains the metal and in other cases, it may be very fast.  The selection 
of parameters must therefore accommodate these needs.  The suitability of using the 
substantial concentration increase for copper and nickel observed in the leach 
solutions throughout the leach can be proved by undertaking several plant sampling 
campaigns.  This would involve withdrawing regular samples at various specified 
intervals throughout the leach.  Once the sample has been drawn from the reactor, 
immediate sample preparation for ICP analysis must follow after which the solution 
analysis must be performed timeously.  This essentially provides the plant with at-line 
data generation across the tertiary leach.  This should be conducted on several 
batches to generate enough data to provide a realistic scenario that may be used to 
assess the viability of using these parameters to decide more precisely and 
consistently when the leach has reached the point of termination.    
 
7.5 RECOMMENDATIONS 
 
Additional studies that will be directly relevant to the original study, is to confirm that if 
the fine grained phase termed Pd type 1 is not present in the tertiary pressure leach, 
then no significant PGM losses will occur when the leach is terminated at a redox 
potential of ~600 mV.  This will assume that the leach is terminated before entering 
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into the over-leaching stage.  The experiment can be achieved by exposing alloy 
plates derived from the magnetic separation circuit which do not contain any base 
metal sulphide material (purely alloy plates), to the primary pressure leach conditions.  
The various mineralogical phase changes and transformations can be evaluated 
during this leach as has been done in this dissertation.  This will prove whether the 
absence of the entrained base metal sulphides will remove the potential of forming 
the fine grained phase.  The product of the primary pressure leach can then be 
routed to the tertiary pressure leach and with monitoring of the concentration levels of 
the PGMs in the leach liquors as the leach progresses through to the end point, can 
show whether or not PGM losses are experienced. 
If this is proved to be true, it would then be beneficial to investigate the possibility of 
including another step after the two stage magnetic separation process to further 
eliminate the base metal sulphides that enter the circuit through entrainment.  
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